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Abstract 
Probiotics are widely used to restore and maintain normal digestive flora to reduce 
metabolic disorders and improve health and productivity, especially in simple-stomached 
animals but less so in ruminants. Bacillus amyloliquefaciens strain H57 (H57) is a novel 
probiotic that has previously been shown in a pilot study to reduce the risk of hay spoilage 
and, over a relatively short term of a few weeks, improved dry matter intake (DMI) and the 
efficiency of nitrogen utilization in pregnant ewes fed the treated hay. The aim of the current 
study was to evaluate H57 over much longer periods of time than the pilot study, to confirm 
health and performance responses such as daily weight gain (DWG) at key stress periods 
in a ruminant’s life. The effect of H57 on rumen fermentation, digestibility and concentration 
of metabolic hormones were also investigated to better understand the actions of H57 in 
ruminants. 
The first experiment (Chapter 2) investigated the effect of H57 during the transition 
from pregnancy to lactation when ruminants undergo a rapid change in metabolic demand. 
Twenty-four pregnant ewes were individually fed pellets, based on palm kernel meal, to meet 
their requirements for pregnancy and to gain 70g/d. They were then fed an ad libitum mixture 
of lucerne and oaten hay during lactation. The H57 improved DMI and DWG in late 
pregnancy and consequent lamb growth in early lactation. During late pregnancy, the ewes 
fed H57 ate 16.6% more pellets, retained 45% more nitrogen between 39 and 26 days prior 
to parturition, and were 17% heavier by parturition. H57 inoculated pellets did not change 
the digestibility of dietary energy or protein but did modify rumen fermentation toward an 
increase in the concentration of butyrate and valerate.  
In the second experiment (Chapter 3), the effect of H57 was investigated around the 
weaning process, another commonly stressful period in ruminant life. Twenty-four male or 
female calves were allocated into two groups, and between 4 and 12 weeks of age were 
individually offered 6 L/d of whole milk and ad libitum starter pellets impregnated with or 
without H57. Similar to the first experiment, calves fed H57 grew faster, tended to consume 
more pellets and were 14% more feed efficient compared to the Control calves. The duration 
of diarrhoea was 2 days less in the H57-fed calves compared to the Control calves. The 
H57-fed calves also weaned 9 days earlier and were 15.8% heavier at week 19. H57 also 
showed potential to stimulate rumen development by increasing plasma beta-
hydroxybutyrate, which is an indicator of rumen development in young ruminants, and 
appeared to improve immunity by increasing the concentration of plasma globulin.  
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Given the success of H57 in reducing the weaning age and incidence of diarrhoea in 
the dairy calves in the second experiment, it was considered there could be additional 
benefits if the H57 is added at the primary colonization time of the GIT microbiome, that is, 
as close to parturition as possible. Therefore in the third experiment (Chapter 4), the H57 
was delivered to 20 dairy calves within a few days of parturition, when they were introduced 
to milk replacer for the first time. Calves were offered 6 L/d of milk replacer mixed with or 
without H57, divided into two equal meals, until weaning. Against our expectations, H57 
added to the milk replacer fed to newborn calves did not benefit either DMI or DWG. All of 
the calves in the third experiment grew better than could be expected on a commercial dairy 
farm. The superior growth rate combined with the reduced incidence of diarrhoea in the 
control calves of this experiment, likely due to the exceptionally hygienic and comfortable 
rearing conditions, may have contributed to the absence of positive effects from feeding 
H57. 
Given the limited effect of H57 on the physical control of DMI in the first experiment, 
such as through an improvement in the digestibility of the diet, we hypothesised that H57 
may express its effect via metabolic pathways. The effect of probiotics H57 on metabolic 
hormones was therefore investigated in the pregnant ewes in the first experiment (Chapter 
5). The results were that H57 increased plasma concentrations of adiponectin, thus 
influencing the metabolism of energy in late pregnant ewes fed relatively low-quality pellets. 
The H57 also decreased plasma haptoglobin, suggesting that H57 may also have the 
potential to reduce stress and inflammation in pregnant ewes.  
 To better understand the actions of H57 on improving DMI in the first two 
experiments, the fourth experiment (Chapter 6) investigated the preference of weaned dairy 
calves for a pelleted diet impregnated with or without H57. Twenty calves were trained for 3 
days to the test procedure and their preference for pellets formulated with or without H57 
was then tested over the following 7 days. The feed preference was calculated by monitoring 
the intake of a test feed relative to that of a control feed, with each being offered ad libitum, 
in adjacent troughs per calf, for 6h per day. Calves showed similar preference when pellets 
without H57 were offered in adjacent troughs but preferred the test pellets with added H57 
when offered simultaneously to control pellets without H57. This preference was maintained 
even after pellets without H57 were sweetened with glucose powder (10% by weight) on day 
10. The H57 spores therefore have the potential to be used as an attractant in diets and 
dietary supplements for ruminants.  
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The H57-inoculated pellets can improve the production performance and health 
status of both pre-weaned and older weaned ruminants. H57 not only improved DWG, but 
also DMI, possibly by improving the palatability of the diet. The H57 can manipulate rumen 
fermentation toward an increasing concentration of rumen valerate, and also potentially 
increase rumen butyrate which can stimulate rumen development. The hypothesis that a 
relative increase in valerate and butyrate links probiotic action to subsequent advantageous 
changes in metabolism, such as the observed increase in plasma adiponectin in pregnant 
ewes, deserves further investigation. 
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Chapter 1 General introduction and literature review 
General introduction 
Sustaining ruminant performance and wellbeing during key stress periods of their 
lives is important to increase their lifetime productivity and associated economic benefits. 
Stress periods include the time from birth to weaning and from pregnancy to lactation. 
Stresses from changing diets plus an immature immune system and undeveloped 
microbiome of the gastro-intestinal tract (GIT) from birth to weaning time or a rapidly 
increased energy demand during the transition from pregnancy to lactation in adults, can all 
impair animal growth performance and health by impairing GIT health. The GIT is inhabited 
by a diverse population of microorganisms, termed the microbiome, which develops a 
beneficial and sustained symbiotic relationship with the host. The GIT microbiome plays an 
important role in the digestion process and there is increasing evidence for a wider role in 
immunity development and other protective functions that maintain the health and 
productivity of the host. Disruptions in development of the normal GIT microbiome can lead 
to digestive disorders and consequently reduce growth performance and increase the risk 
of diseases. 
Feed additives such as antibiotics, prebiotics and probiotics can be used to 
manipulate the GIT microbiome to improve animal health, welfare and productivity. 
However, due to increasing societal concerns over cross-resistance with human pathogens, 
in many parts of the world the use of antibiotics in ruminant feeds has been dramatically 
restricted in recent years. Broader categories of antibiotics with less extreme actions and 
not applicable for human use, such as ionophores, are still used in ruminant feeds but 
pressures are also mounting to restrict even these. Therefore, in order to sustain ruminant 
health and productivity, there is a growing need to develop strategies based on 
supplementation with more ‘natural’ products such as probiotics.  
Probiotics are defined as live microorganisms that benefit the host by improving the 
properties of the indigenous microflora (Fuller 1989; Newbold 1996). Probiotics can reduce 
digestive disorders and thus improve the health status and growth performance of 
ruminants. Supplementation with probiotics can reduce the incidence of diarrhoea and 
increase the dry matter intake (DMI) and daily weight gain (DWG) of pre-weaned ruminants 
(Kowalski et al. 2009; Frizzo et al. 2010b; Sun et al. 2010a). Probiotics can also increase 
milk production and milk quality in lactating cows (Qiao et al. 2010; Peng et al. 2012). By 
contrast, numerous other studies have shown no benefits to both ruminants and pre-weaned 
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ruminants in response to their feeding with probiotics (Quintero-Gozalez et al. 2003; 
Kumagai et al. 2004; Bakhshi et al. 2006; Riddell et al. 2010). These inconsistent responses 
to probiotics could be due to the different types of probiotics used (Malik and Bandla 2010) 
or the animal’s rearing conditions.  
Probiotics could enhance production and health outcomes of both pre-weaned 
ruminants and older ruminants by acting at the level of the rumen, the intestinal tract and 
beyond. Probiotics are popularly understood to modify the rumen microbiome and change 
rumen fermentation. In the current study, we focused on rumen fermentation outcomes such 
as volatile fatty acid amounts and patterns, rumen ammonia concentration, and rumen pH 
to increase energy and protein availability for the host rather than changes in composition 
of the rumen microbiome itself. The effects of supplementation with H57 on the rumen 
microbiome were investigated in a parallel study to the current study (Schofield et al., 
unpublished). At the intestinal level, probiotics may stimulate the immune system and inhibit 
the growth of pathogens in the digestive tract (Krehbiel et al. 2003). More recently, it has 
been suggested that the GIT microbiome can exert their benefits through their fermentation 
end-products that can move easily out of and act beyond the level of the GIT (König et al. 
2015). Such fermentation products could manipulate metabolic processes in the host by, for 
example, regulating the secretion and activity of metabolic hormones. Therefore, the 
hypothesis that is pursued in this thesis is that any investigation of probiotics should consider 
the potential for a wider range of mechanisms of action than currently considered - that 
mechanisms could extend from rumen fermentation outcomes to the regulation of 
intermediary metabolism and that the best way to evaluate probiotics is to apply them at key 
stress periods in a ruminant’s life.  
Management in pre-weaned calves 
In beef cattle, sheep and goat farming, juvenile animals are normally kept with their 
dams until weaning time at 3-9 months of age. However, on intensive dairy farms, calves 
are separated from their dams within a day of birth, and are weaned much earlier than beef 
cattle. The stress due to separation from the dam and the presence of pathogens in a new 
environment can increase the risk of diseases in the calf. Disease in the pre-weaned calf 
has a major impact on profit in the dairy industry due to the cost of calf mortality and clinical 
treatments, and has consequences for lifetime productivity. The goals of a dairy calf-rearing 
program are to minimise calf mortality, the incidence of diseases and the weaning age, and 
increase calf growth rate and health status. 
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1.2.1 Common diseases in pre-weaned calves 
Diarrhoea is the most common digestive disorder causing calf mortality in dairy calves 
from birth to weaning time. Calf diarrhoea is attributed to both infectious and non-infectious 
factors. The common infectious factors are enteric pathogens including viruses (bovine 
rotavirus, bovine coronavirus), bacteria (Salmonella, Escherichia coli) and protozoa 
(Coccidiosis) (Cho and Yoon 2014). Non-infectious causes include the overfeeding of cold 
milk or sudden dietary changes (Moran 2012a). Other environmental and farm management 
practices also contribute to the incidence of diarrhoea in calves. For example, exposure to 
a contaminated environment or extreme weather can increase the risk of diarrhoea in 
neonatal calves (Mitchell et al. 1981). Using data from 410 heifers, Virtala et al. (1996) found 
that diarrhoea reduced calve DWG by 48 g/d in the first month of life. More recently, data 
from 3,519 veal calves, housed in 10 commercial farms in Belgium, showed that calves with 
diarrhoea had an 11% higher mortality rate and a 9.2 kg reduction in carcass weight, 
measured at 6 months of age, compared to calves without diarrhoea (Pardon et al. 2013).  
Respiratory disease or pneumonia is another major cause of mortality in pre-weaned 
ruminants. Pneumonia in pre-weaned calves is an infection of the lungs caused by a group 
of viruses and bacteria (Lorenz et al. 2011). The environmental stress caused by exposure 
to extreme weather, wet conditions, overcrowding and inadequate nutrition increases the 
susceptibility of calves to pneumonia. Calves suffering from pneumonia have a lower growth 
rate. In a study in 410 dairy calves in the United States, in the first three months of life 
pneumonia reduced daily weight gain by 11 .7% (P =  0 .02) and every week of pneumonia 
reduced height gain by 3.82% (P < 0.01) when compared to healthy calves (Virtala et al. 
1996). Reducing the incidence of diseases in pre-weaned calves can therefore improve 
animal wellbeing and growth performance. 
1.2.2 Growth performance early in life relates to performance later in life 
The growth and health of ruminants from birth to weaning time is an important factor 
affecting their lifetime productivity. In dairy cattle, to maximize the milk production and 
longevity of dairy cows, it is very important to manage target liveweights of the replacement 
heifers. Liveweight targets start as early as weaning. The target liveweight for Holstein 
Friesian calves at weaning (i.e. 3 months of age) are 90 – 110 kg (Roche et al. 2015). Studies 
have shown that heifers with superior growth performance during early life will produce more 
milk and produce their first calf earlier. For example, Van der Waaij et al. (1997) found that 
every kilogram in liveweight increase over the norm at 15 months of age resulted in 6.3 L 
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more milk yield at the first lactation. Another more recent study of a dairy herd in New 
Zealand showed that a 1% increase in target weight was associated with an increase in total 
milk volume of 23 L at the first lactation and 24 L at the second lactation (McNaughton and 
Lopdell 2013). 
In addition to DWG, health status in early life also impacts on the long-term 
productivity of dairy cows. Waltner-Toews et al. (1986) showed that heifers treated for 
diarrhoea were nearly three times more likely to calve after 30 months of age than heifers 
without diarrhoea treatment during the first 90 days of their life. Similarly, Correa et al. (1988) 
found that healthy calves in the first 90 days of life were two times more likely to calve up to 
6 months earlier than calves that had suffered from pneumonia. Calves suffering from 
diseases such as diarrhoea or respiratory diseases during the first 90 days of life have an 
increased risk of mortality before calving age (Waltner-Toews et al. 1986). Therefore, 
strategies to prevent calf diseases in early life should be high farm management priority for 
improving lifetime productivity. 
The growth of ruminants from birth to weaning time varies depending on many 
environmental and animal factors. Colostrum is the most important source of 
immunoglobulin for newborn bovine calves and ingestion of colostrum is essential to ensure 
a sufficient level of circulating immunoglobulin in newborn calves (Godden 2008). If calves 
have not ingested an adequate amount of colostrum, they are susceptible to diseases and 
impaired growth performance. Environmental factors including stress associated with 
extreme weather (i.e. heat and cold) can reduce the health and growth performance of 
young calves. Heat stress increases the susceptibility of calves to diarrhoea (Mitchell et al. 
1981; Cho and Yoon 2014). Poor rearing conditions, a high presence of pathogens plus 
immature immunity of pre-weaned calves are all important factors in increasing the risk of 
disease and therefore must be continually addressed in both a cost-effective and societally 
acceptable way. 
1.2.3 Weaning process 
In conventional calf-rearing systems, the amount of milk is restricted during the first 
weeks of life to stimulate the intake of solid foods such as cereal chaff and high quality 
pellets and to allow weaning to be as early as possible. Milk offered to calves is normally 
fed at approximately 10% of birth weight with ad libitum solid feed. For Holstein calves, daily 
feeding of 4 - 5 L of whole milk per day and ad libitum solid feed can allow the calves to 
reach a weaning weight of at least 70 kg by 9 weeks of age (Moran 2012b). 
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The weaning process can be the most stressful aspect of a young ruminant’s life. 
Management of DMI and DWG is essential for successful early weaning. Early weaning 
reduces labour costs for care and individual feeding of calves, as milk is more costly per unit 
of dry matter than solid feeds and the risk of disease is greater on milk-based diets. Calf 
age, the level of concentrate intake or calf liveweight can all be used as individual criteria 
for weaning age (Pettersson et al. 2001). However, a combination of these measures is 
often used. For a smooth weaning, it is critical for calves to receive adequate nutrients for 
survival and growth when milk-based feeding is withdrawn. Calves can be weaned abruptly 
or gradually. In an abrupt weaning, all milk is withdrawn whilst in gradual weaning the 
amount of milk can be reduced gradually or milk can be diluted with water for 3 - 5 days 
before stopping milk feeding altogether. Calves can be weaned as early as 4 - 6 weeks, 
although normal weaning time is 8 - 12 weeks and late weaning time is more than 12 weeks 
(Basham and Halliday 2011). It is recommended that the weaning process be initiated when 
starter DMI is at least 1% of liveweight and DWG is more than 600 g/d which should result 
in a DWG of at least 15 kg within 4 weeks from birth (Basham and Halliday 2011). For 
Holstein Friesian calves, the appropriate concentrate intake at weaning is 0.75 - 1.00 kg/d 
for 3 consecutive days combined with a liveweight of approximately 70 kg. The intake of 
solid feed increases quickly to 2 kg/d a few days after weaning and can remain unchanged 
until 3 - 4 months of age (Moran 2012b). Appropriate consumption of solid feed in calves 
soon after weaning indicates that the rumen is appropriately functional to meet subsequent 
liveweight targets to optimise lifetime productivity. 
Rumen physiology 
The ruminal anaerobic microbial community is responsible for degradation and 
fermentation of 70 - 75% of the animal’s dietary compounds (Bergman 1990). Ruminal 
microorganisms produce enzymes such as cellulase, hemicellulases and α-amylase to 
break down complex polymer linkages in plant cell structures. Major fermentation products 
in the rumen are volatile fatty acids (VFAs), ammonia, CO2 and CH4 gases, and microbial 
populations.  
1.3.1 Rumen volatile fatty acids 
The total concentrations of VFAs in the rumen are normally between 60 – 150mM 
and normally peak at 2 - 4h after feeding (Bergman 1990). The production and concentration 
of VFAs in the rumen depends upon the composition and availability of substrate, the rate 
of depolymerisation and the microbial species present (Dijkstra 1994). The concentration 
6 
 
pattern of ruminal VFAs differ in animals fed different diets and can also reflect the makeup 
of the population of ruminal microbes (Chen et al. 2011). Depending on the diet, the ranges 
of major VFAs are 40 - 70% for acetate, 10 - 40% for propionate, 8 - 15% for butyrate and 
5% or less for valerate and other higher acids (Bergman 1990; Chen et al. 2011). 
Fermentation of a high fibre diet compared to a high concentrate diet will produce large 
amounts of acetic acid and smaller amounts of propionic acid (Chen et al. 2011). 
Fermentation of protein substrates produces high amounts of branched-chain fatty acids 
(Dijkstra 1994).  
Volatile fatty acids produced in the rumen are absorbed through the rumen epithelium 
into the portal vein of the host and can provide up to 70% of total metabolite energy to the 
host (Bergman 1990). Daniel and Resende Júnior (2012) have found that fractional 
absorption rates through the rumen wall of acetate, propionate, butyrate and valerate are all 
similar. Ten to 50% of the propionate and most of the butyrate is usually metabolized in the 
rumen epithelial cells. The remaining butyrate, propionate and most of the acetate are then 
transported to the liver via the portal vein. The liver then removes most of the butyrate and 
propionate, but not the acetate (Bergman and Wolff 1971; Bergman 1990). Therefore, 
acetate ultimately comprises 90 - 98% of total VFAs present in arterial and peripheral venous 
blood. All of the VFAs are readily used as an energy source for animal growth and 
maintenance, including lipogenesis and milk production. 
Acetate is the major VFA produced by rumen fermentation, accounting for as much 
as 70% of total VFA concentration (Chen et al. 2011). Acetate is a major precursor for 
lipogenesis in the adipose tissue and the mammary gland, thus an increase in the 
concentration of ruminal acetate increases lipogenesis and milk fat content (Bergman 1990).  
Propionate from ruminal fermentation is the major precursor for gluconeogenesis 
which occurs primarily in the liver. Gluconeogenesis produces glucose for key processes 
such as a primary energy source for foetal growth, central nervous system functioning, and 
the formation of lactose in the mammary gland for milk synthesis. Gluconeogenesis is 
therefore the major source of glucose in ruminants and the process compensates for the 
little to no glucose absorption from the GIT as the majority is consumed by the GIT 
microbiome. Carbohydrate precursors of glucose such as starch and cellulose are 
fermented, mainly in the rumen, to produce VFAs. Very small amounts of these 
carbohydrate or precursor products escape to the small intestine to be digested and 
ultimately absorbed as glucose. In lactating cows, an increase in ruminal propionate 
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production can increase hepatic glucose production (Stein et al. 2006) and provide more 
substrates for lactose synthesis thereby reducing the risk of ketosis (Weiss et al. 2008). 
Optimizing production of the propionate in the rumen fermentation is a target for improving 
the feed use efficiency and economics of animal growth and performance, especially in dairy 
cows where the conversion of glucose to milk lactose plays a key role in regulating milk 
volume.  
Butyrate is the major energy source for the rumen epithelium. Increasing the 
production of ruminal butyrate could therefore benefit rumen development. Oikonomou et 
al. (2013) found that a higher diversity and prevalence of the butyrate-producing bacteria, 
Faecalibacterium prausnitzii, in the rumen of 1-week old calves increased DWG post-
weaning compared to calves with a lower population of Faecalibacterium prausnitzii in the 
rumen. An intra-ruminal infusion of butyrate in cattle can also increase rumen papillae size 
and density (Shen et al. 2005). The oxidation of the butyrate in the rumen epithelial cells 
produces the ketone β-hydroxybutyric acid (BHBA), which is then absorbed into the 
bloodstream. At birth, the rumen tissue is not functioning and is unable to oxidize butyrate, 
therefore the capacity of rumen epithelial cells to produce BHBA from butyrate indicates the 
metabolic development of the rumen (Lane et al. 2000). It has been shown that in weaned 
ruminants, oxidization of butyrate in the rumen wall is the only source of BHBA in the 
bloodstream. Therefore, plasma BHBA concentration has been implicated as a predictor of 
rumen development (Lane et al. 2000).  
1.3.2 Rumen ammonia and microbial synthesis 
Rumen ammonia is produced from the breakdown of dietary protein or non-protein 
nitrogen. Concentrations of ruminal ammonia can range from 1.1 to 22.5 mg/100 mL in 
rumen fluid, depending on the dietary protein level (8.0 - 19.5% crude protein) (Slyter et al. 
1979). Nolan and Leng (1972) found that in sheep the majority (71%) of degradable protein 
can be converted to ammonia in the rumen leaving a much smaller amount (29%) of dietary 
protein for digestion in the small intestine. Rumen ammonia is a major source of nitrogen for 
microbial growth. Rumen ammonia is therefore a major contributor to microbial protein 
outflow from the rumen to the abomasum and small intestine where digestion to amino acids 
and the absorption thereof provides for the majority of the ruminant’s supply of metabolisable 
protein. 
The synthesis of microbial protein depends on the availability of energy and ammonia 
in the rumen. If the energy is available, the microbes can use ammonia for their own growth, 
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thereby reducing concentrations of ammonia in the rumen. The level of 2 to 5 mg ammonia 
per 100 ml of rumen fluid is sufficient for maximum growth of microbes in the rumen (Slyter 
et al. 1979). The production of microbial production in the rumen, calculated as g per 100 g 
apparently digestible organic matter, can range from 6 to 34 g depending on the type of diet 
(Pisulewski et al. 1981). The ruminal microbial synthesis is commonly lower in animals fed 
high fibre diets than in those fed high concentrate diets. 
Ammonia produced in the rumen that is not consumed by the microbes is absorbed 
through the rumen wall and into the portal vein blood. Nolan and Leng (1972) found that 40 
- 50% of the plasma urea can be derived from ruminal ammonia. The ammonia in the portal 
blood is converted into urea in the liver. Forty to 80 % of the urea synthesized in the liver is 
returned to the GIT and 35 - 55% of this is converted for further anabolic use in both sheep 
and cattle (Lapierre and Lobley). The blood urea is then recycled and either re-enters the 
rumen via the ruminal epithelium and salivary glands or it is excreted in the urine. 
Consequently, in ruminants, the hepatic synthesis of urea derived from amino acids and 
ammonia can exceed apparent digestible nitrogen even when intake is high. Therefore, the 
recycling of urea into the rumen is very important in ruminants to balance nitrogen 
metabolism and optimise the supply of microbial protein, particularly when animals are fed 
a low protein diet. Strategies to increase the efficiency of nitrogen recycling could have major 
effects on ruminant performance by reducing the loss of nitrogen in the urine or faeces and 
thereby enhancing DWG, foetal growth and milk production. 
1.3.3 Rumen pH 
Rumen pH is determined by the balance between fermentation of feedstuffs, rumen 
buffering capacity and the absorption rate of acids from the rumen. The normal pH range of 
rumen fluid in cattle and sheep is between 5.8 - 7.0 (Bergman 1990). Rumen pH fluctuates 
within the normal range during a 24h period, mainly according to the pattern of feeding, with 
pH decreasing following a meal as ruminal VFA concentrations increase. Average rumen 
pH depends on the diet. The rumen pH in steers fed 97% roughage was 6.74 (6.46 - 7.01, 
minimum - maximum), and 6.12 (5.42 - 6.76) in steers fed 25% roughage (Chen et al. 2011). 
It can drop to as low as 4.7 when diets change from high fibre to high concentrate (70%) 
(Sun et al. 2010b). The rate of absorption of acids through the rumen wall, the rate of 
passage of the liquid phase of digesta, and the rumen buffering capacity by bicarbonate 
from saliva and rumen epithelium secreted into the rumen all help to maintain the rumen pH 
within the normal range (Dijkstra et al. 2012). If the rate of removal of fermentation acids 
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and buffering capacity is suboptimal, then the ruminant can move into a situation of 
productivity-threatening subclinical acidosis or in extreme circumstances, life-threatening 
rumen acidosis, as mentioned in Section 2.3.2. 
The rumen pH affects the biodiversity of the rumen microbiome and therefore the 
fermentation process and outcomes. In the previously mentioned study by Sun et al. 
(2010b), it took 2 - 3 days for the change of diet from high fibre to high concentrate to take 
effect. The low rumen pH achieved was associated with a disappearance of fibrolytic 
bacteria, while Streptococcus bovis and Prevotella species remained unchanged (Sun et al. 
2010b). Similarly, others have found reductions in the number of fibrolytic bacteria such as 
Fibrobacter succinogenes, Ruminococcus albus and Ruminococcus flavefaciens (Chen et 
al. 2011). Low rumen pH inhibits the growth of fibrolytic bacteria, thus decreasing the rate 
and extent of fibre digestion in the rumen (Russell and Wilson 1996). High fibre diets are 
commonly far more cost effective to use in ruminant systems compared to high concentrate 
diets. Hence, stabilizing rumen pH is critical to optimise fibre digestion, normal rumen 
function and sustained economic performance and health in ruminants. 
Management in late pregnant and lactating ruminants 
1.4.1 Nutrition in late pregnancy 
Pregnant animals have some important needs that are different from those of other 
classes of livestock. The pregnant animals must be fed to meet maternal maintenance and 
foetal growth. Metabolisable energy and protein requirements rapidly increase in the last 
three months of pregnancy (late pregnancy) when foetal growth increases exponentially. 
The nutrient requirements for first parity animals will be higher than older pregnant animals 
as they are still growing when they become pregnant for the first time. However, voluntary 
DMI declines in the last few weeks of pregnancy because the rapidly growing foetus restricts 
the space of the rumen (Journet and Remond 1976; Forbes 1977). The decrease in DMI 
due to restriction of rumen is not significant in animals fed highly digestible diets but is more 
obvious in animals fed low-quality diets. To maintain DMI during late pregnancy, animals 
could increase the rate of passage of the digesta. A reduction in DMI or an increase in the 
passage rate of the digesta could both impair the digestion of dietary fibre. Therefore, 
strategies to improve the digestibility to compensate for the reduction of DMI and impaired 
digestion in late pregnancy are important to improve nutrition in late pregnant animals, 
particularly those fed a low-quality diet. 
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Poor nutrition during late pregnancy could reduce lactation performance in both cattle 
and sheep. Khan et al. (2004) found that under-feeding cows during late pregnancy reduced 
the birthweight of calves and reduced subsequent milk production of the cow. In sheep, poor 
nutrition of ewes at parturition as indicated by a ewe’s low liveweight and body condition 
score (BCS) at parturition results in lighter lambs, and could increase lamb and ewe mortality 
around lambing (Oldham et al. 2011). In addition, poor nutrition during late pregnancy may 
reduce the quality and quantity of colostrum production, thereby increasing the risk of 
disease in offspring in the first few weeks of life (Murphy et al. 1996; McNeill et al. 1998). 
Thompson et al. (2011) found that improved nutrition of ewes during pregnancy could 
increase the growth rate of lambs from birth to weaning. A better growth rate of lambs in the 
first few weeks of life could increase lamb survival, given the first weeks of life are the period 
where lamb mortality is greatest (Hinch and Brien 2014). Therefore, improved nutrition 
during late pregnancy could reduce neonatal mortality, and improve subsequent 
performance of the neonate and the milk production capacity of the dam. 
In commercial practice, liveweight and BCS changes or target ranges at key 
physiological stages are normally used as indicators to monitor the nutrition status of 
reproducing sheep and cattle. The BCS are normally a scale of 1 (emaciated) to 5 (obese). 
To maintain production performance such as the conception rate and milk production, the 
BCS of ewes or cows at mating is normally at 2.5 – 3.0, and at parturition is 3.0 – 3.5 (Roche 
et al. 2009; Kenyon et al. 2014). Higher or lower BCS than normal range at mating or 
parturition could reduce the conception rate or increase the risk of toxaemia/ketosis in late 
pregnancy or early lactation and thereby increase the risk of mortality in the neonates and 
the dam and reduce subsequent milk production in the dam (Roche et al. 2009). 
1.4.2 Ruminal acidosis 
To meet the rapid increase in energy demand for milk production during early 
lactation, animals are commonly transitioned to high concentrate diets during this period. 
However, changing from high roughage diets in late pregnancy to high concentrate diets in 
early lactation increases the risk of rumen acidosis. Subacute rumen acidosis is a condition 
that occurs when the rumen pH falls below 5.0 for several hours per day. Although the 
concentrate feeding stimulates the density and size of rumen papillae, and may thereby 
increase rumen surface areas and absorptive capacity (Žitnan et al. 1998), the rumen 
papillae require several weeks to adjust to high concentrate diets. Thus, when ruminant diets 
are suddenly changed from high fibre diets to high levels of easily fermentable 
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carbohydrates such as in diets rich in grains, the VFAs, particularly lactic acids, accumulate 
in the rumen and reduce rumen pH. A study of 315 cows on 26 farms in Germany showed 
that one third of the dairy herd suffered from subacute rumen acidosis (Kleen et al. 2003). 
Subacute rumen acidosis not only reduces DMI and milk production, but also compromises 
cow health by causing diarrhoea, laminitis and liver abscesses (Owens et al. 1998; Plaizier 
et al. 2008).  
Regulation of feed intake in ruminants 
1.5.1 Physical factors 
Physical factors including the passage rate, fibre content, particle size and 
digestibility of feedstuffs affect DMI in ruminants (Allen 2000). The passage rate is 
determined as the time feed remains in the rumen. Increasing the passage rate, reducing 
particle size and increasing the digestibility of feedstuffs can all contribute to an increase in 
voluntary DMI (Poppi et al. 2000). Chemically determined constituents of feedstuffs, such 
as neutral detergent fibre (NDF) or NDF concentrations determined after microbial 
fermentation in vitro or in sacco, such as indigestible NDF (iNDF), are also associated with 
DMI; with a lower NDF or iNDF being associated with a higher DMI (Harper and McNeill 
2015).  
Feed intake in ruminants is also affected by the palatability of feedstuffs. Feedstuffs 
that are highly digestible tend to be more palatable. The preference of feedstuffs depends 
on its sensory properties and nutritive value. Sensory properties such as taste, smell and 
visual appearance evoke responses of the senses, whereas nutritive values create post-
digestive feedback effects on feeding behaviours (Baumont 1996). 
1.5.2 Metabolic factors 
The control of DMI in ruminants is a complex process which involves both the central 
nervous system (CNS) and peripheral organs. The stimulation of the ventromedial 
hypothalamus in the CNS increases satiety, reducing DMI, while stimulation of lateral 
hypothalamus increases hunger, thereby increasing DMI (Allen 2014). The regulation of 
these areas includes signals from energy requirements and metabolic hormones from 
peripheral tissues such as those from the endocrine cells in the GIT. These include ghrelin, 
cholecystokinin (CCK) and peptide YY (PYY), to hormones produced by the pancreas such 
as insulin and glucagon, to hormones produced by the adipose hormones such as leptin 
and adiponectin (Ingvartsen and Boisclair 2001; Allen 2014). 
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In humans and other simple-stomached animals, glucose from the diet or 
gluconeogenesis in the liver is the primary energy source. In ruminants, acetate is the 
primary energy resource for peripheral tissues but not for the foetus. After feeding, elevated 
concentrations of plasma glucose, or propionate in the ruminant, stimulate the satiety centre 
in the brain and DMI is reduced. High levels of blood glucose stimulate secretion of insulin 
by the β-cells of the pancreas (Aronoff et al. 2004). Insulin increases the uptake of glucose 
in the cells of insulin-sensitive peripheral tissues, promotes glycogenesis in the liver and 
inhibits glucagon secretion from pancreatic α-cells (Aronoff et al. 2004). Glucose metabolism 
therefore plays an important role in controlling feeding and metabolism in simple-stomached 
animal and in ruminants. 
In ruminants, glucose that enters metabolism directly from the diet is negligible due 
to the fermentation of carbohydrate precursors of glucose by the rumen microbiome. 
Therefore, glucose is a minor source of metabolisable energy. As well as being a major 
energy source for peripheral tissues, acetate is a major precursor for lipogenesis. An 
infusion of acetate into the blood stream will also cause suppression of appetite and 
therefore reduced DMI. Thus an increase in concentrations of rumen and then plasma 
acetate could increase lipogenesis and reduce DMI in the short term. In simple-stomach 
animals, lipogenesis occurs in the liver whereas adipose tissue is the site of lipogenesis in 
ruminants. Consequently, adipose tissue in the ruminant is worthy of further investigation as 
a key contributor to energy regulation and DMI in ruminants. 
1.5.3 Adipose tissue hormones 
Adipose tissue acts as an energy source and an endocrine gland in ruminants 
(Chilliard et al. 2000). The synthesis and mobilization of adipose tissue is important in the 
regulation of energy homeostasis, especially during a pregnancy - lactation cycle. In well-
fed animals, excess energy from the diet will be stored in adipose tissue which can be 
subsequently used to compensate for high energy requirements if the DMI does not meet 
the requirement. In reproducing females, lipids are most commonly synthesised in excess 
of those catabolised, mainly from acetate, during late lactation and into the dry period. During 
late pregnancy and early lactation, when the energy requirement rapidly increases, DMI 
decreases due to the space taken by the development of the gravid uterus in pregnancy and 
the lag in appetite increasing to meet the sudden energy demands of lactation. The adipose 
tissue reserve can be mobilised during this period as an energy source to fill the deficit of 
energy intake relative to demands. The lipid, stored in the form of triacylglyceride in the 
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adipose tissue, is mobilised as non-esterified fatty acids (NEFA) that are used directly by 
prioritised tissues such as internal organs, muscles, and the mammary gland for resynthesis 
as milk fat. The mobilisation of adipose tissue in under-fed ruminants can also spare glucose 
and amino acids for the development of the foetus and for milk lactose and protein synthesis 
in the mammary gland (Chilliard et al. 2000). 
In the ruminant, adipose tissue plays a central role in regulating energy homeostasis 
by secreting metabolic hormones including adiponectin and leptin, and thereby controlling 
DMI (Ingvartsen and Boisclair). The concentration of plasma leptin increases after feeding, 
affecting the central nervous system to promote satiety and reduce DMI. The infusion of 
human leptin to ewes for 3 days decreased their voluntary DMI to one third of the pre-
infusion intake (Henry et al. 1999). In feed-restricted lambs, leptin did not affect DMI but did 
increase growth hormone secretion (Morrison et al. 2001). In sheep and cattle, plasma leptin 
levels increase during pregnancy but decrease 1 – 2 weeks before parturition and remain 
low during lactation (Chilliard et al. 2005). The reduction of plasma leptin during these 
periods could stimulate DMI to meet the rapid increase in energy requirements for both the 
foetus and milk production. The concentration of leptin in plasma is also positively 
associated with the level of fat reserves in an animal (Chilliard et al. 2001). 
Adiponectin is the most abundant adipose tissue-derived hormone that can account 
for as much as 0.01% of total plasma protein. It is involved in energy and lipid metabolism 
in peripheral tissues such as muscles and the liver (Lihn et al. 2005). In mice, adiponectin 
regulates energy and fat metabolism by enhancing lipid catabolism in skeletal muscle and 
by stimulating β-oxidation and glucose uptake in the peripheral tissue (Yamauchi et al. 
2002). In fasting mice, adiponectin stimulates DMI and reduces energy expenditure to 
maintain energy balance (Kubota et al. 2007). Adiponectin can also improve insulin 
sensitivity in mice (Lihn et al. 2005). Evidence for the role of adiponectin in the regulation of 
energy balance in ruminants is very limited. However, a positive association of plasma 
adiponectin with insulin sensitivity has been recorded in late-pregnant cows (Ohtani et al. 
2012), indicating the potential for the actions of adiponectin in ruminants to be similar to that 
found in mice. 
The GIT microbiome in ruminants 
1.6.1 The establishment of the GIT microbiome 
After birth, the rumen is rapidly colonized by a diversity of the microbes that ultimately 
form a symbiotic or commensal relationship with the ruminant. The rumen is considered to 
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be sterile in utero, but the rumen microbiome rapidly reaches populations as high as 109 
cells/ml rumen fluid and strictly anaerobic bacteria become predominant from the second 
day after birth (Fonty et al. 1989). By using culture-dependent techniques (Fonty et al. 1989) 
found that the dominant bacterial genera in lambs were Propionibacterium, Clostridium, 
Peptostreptococcus and Bifidobacterium. Rieu et al. (1989) found that the adherent bacteria 
covered as little as 1% of the total surface of the rumen in 2-day old lambs, but reached 
100% of the total surface in 16-day old lambs. More recently, Li et al. (2012) found that all 
major functional types of rumen organisms, such as fibrolytic, amylolytic and proteolytic 
bacteria were present in the rumen microbial community of calves from as early as 14 to 42 
days of age. Using proteomic analysis of the rumen fluid, Li et al. (2012) also showed that 
the rumen microbiome produced the appropriate enzymes for the fermentation of both 
structural and non-structural carbohydrates in 14 and 42 day old calves. Similarly, Jami et 
al. (2013) showed that bacteria with cellulolytic capabilities appeared in 3 day-old dairy 
calves, and became abundant by 8 weeks of age. These results indicate the rumen of the 
calves can be functional by 8 weeks of age, consistent with the previously discussed 
commonly targeted age range for dairy calf weaning of 6 - 12 weeks. 
The early colonization of the commensal microbiome in the intestine reduces the 
number of pathogens and the risk of diseases in young ruminants. The dominant bacteria 
that colonize in calves a few hours after birth are the lactic acid bacteria (LAB). These are 
often cited as a beneficial category of bacteria, but some, like Lactococcus spp. and 
Leuconostoc spp., disappear after 24h, possibly due to their replacement by other anaerobic 
genera such as Clostridium and Bacteroides (Mayer et al. 2012). Especially problematic 
categories of bacteria such as coliform types like Escherichia coli and Salmonella spp. have 
been associated with a peak in the incidence of diarrhoea at 1 week of age in calves 
(Edrington et al. 2012; Mayer et al. 2012). During the first 4 weeks of life, a high incidence 
of diarrhoea has been associated with a decrease in microbial diversity in the faeces 
(Oikonomou et al. 2013). A higher abundance of Faecalibacterium prausnitzii during the first 
week of life can increase body weight gain and decrease diarrhoea incidence in older calves 
(Oikonomou et al. 2013). Similarly, at a young age of 3 - 7 days, calves with higher number 
of Bifidobacterium in faeces have been shown to have a significant lower abundance of 
faecal coliform bacteria such as Escherichia coli (Rada et al. 2006). 
Furthermore, the composition of the GIT microbiome in young calves can be more 
diverse and variable than in mature calves. The species composition of the microbiome in 
Holstein Friesian calves was more diverse from the first few days of life until weaning at 2 
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months of age than later in life, and stabilised from 6 months to 2 years of age (Jami et al. 
2013). The high diversity and variability of the microbiome in ruminants at early life suggests 
that the manipulation of the GIT microbiome could be more easily achieved in young un-
weaned calves than in mature ruminants. 
1.6.2 Roles of the GIT microbiome in intermediary energy metabolism and immune 
responses 
In ruminants, the primary role and the focus of the vast majority of research into the 
microbiome relates to the digestion of the diet, primarily in the rumen. Interest in the role 
played by the microbiome in the maintenance of animal health is increasing. Most recently, 
information has also begun to emerge on the potential for the GIT microbiome, at least in 
simple-stomached animals and un-weaned immature ruminants, to manipulate immune 
response and to modify intermediary energy metabolism. In human and mice models, the 
GIT microbiome has been associated with metabolic disorders such as obesity, diabetes 
and disease relating to intestinal infection such as bowel disease. The potential for similar 
links to be occurring in the ruminant remain largely unexplored but should be investigated 
given that the proposed link between the GIT microbiome in humans and metabolic diseases 
or energy regulation in general are VFAs. Ruminants are reliant on VFAs as the major 
source of energy as supplied by their GIT microbiome. 
In human-oriented research, VFAs affect energy balance through the regulation of 
lipid and glucose metabolism via the free fatty acid receptors GPR43 and GPR41. These 
receptors are expressed in the metabolically important sites such as the pancreas and 
adipose tissues and will bind to and are activated by VFAs (Layden et al. 2013). VFAs such 
as propionate have also been shown to regulate metabolism by directly regulating the 
activity of the sympathetic nervous system via the receptor GPR41 (Kimura et al. 2011). The 
sympathetic nervous system acts to maintain metabolic homeostasis by regulating an 
increase or a decrease in energy expenditure during dietary excess or starvation. 
In addition, VFA receptors are abundantly expressed in the endocrine cells in the 
gastric mucosa that secrete ghrelin and in the intestine and colon that secrete CCK, secretin, 
glucagon peptide -1 hormone (GLP-1) and peptide YY (PYY) (Nøhr et al. 2013). These 
hormones play important roles in the regulation of metabolism and DMI. Propionate 
increases the secretion of GLP-1, a GIT hormone involved in the secretion of insulin and the 
degradation of glucagon (Nøhr et al. 2013). By activating GPR41, the GIT microbiome 
inhibited the secretion of ghrelin and increased the secretion of PYY to reduce appetite in 
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mice that were fed a diet that induced obesity (Samuel et al. 2008). It has also been shown 
that a change in GIT microbiome increased the production of leptin in mice (Samuel et al. 
2008). Propionate, acetate and butyrate have been shown to control DWG and insulin 
sensitivity in humans and mice, as reviewed by (Canfora et al. 2015).  
In ruminants, VFA receptors have been identified in the pancreas and in the secretion 
of adiponectin from adipocytes, which indicates the potential effect of the GIT microbiome 
to regulate energy metabolism. Independently of the GIT microbiome, Mineo et al. (1994) 
found that intravenous injections of some but not all VFAs to sheep induced glucagon and 
insulin secretion. Similarly, Fukumori et al. (2011) showed that the injection of VFAs into the 
jugular vein of sheep decreased plasma ghrelin and increased plasma insulin. Both studies 
showed that propionate, butyrate and valerate, but not acetate, affected the secretion of 
hormones associated with energy regulation. 
In addition, the commensal microbiome in the GIT plays an important role in the 
immune system of the host by interacting with the toll-like receptors (TLRs) of the GIT 
epithelial cells. The recognition of commensal microbiome is necessary for intestinal 
homeostasis (Rakoff-Nahoum et al.). Most of the current knowledge regarding interactions 
between a host and the GIT microbiome has been obtained from mouse models. The 
intestinal epithelium is formed by a monolayer of epithelial cells and a lower layer (lamina 
propria) of innate and adaptive immunity cells. The GIT microbiome can interact with the 
intestinal epithelial cells and other immune cells such as macrophages, neutrophils and 
dendritic cells via pattern recognition receptors such as TLRs. The commensal microbiome 
activates the TLRs in the epithelial cells stimulating the secretion of interleukin – 6 (IL-6) and 
tumor necrosis factor - alpha (TNF – α) to protect intestinal epithelial cells against injury.  
Pathogens activate the immune cells in the GIT epithelium to produce pro-
inflammatory cytokines such as interleukin-1 beta (IL-1β), IL-6 and TNF – α leading to the 
activation of the helper T cells and B cells (Purchiaroni et al. 2013). The helper T cells then 
release cytokines and growth factors to regulate differentiation of other immune cells 
(Kamada et al. 2013). The activated B cells in the GIT epithelium become immunoglobulin-
producing plasma cells. The immunoglobulins released into the blood stream are 
transported across the epithelial layer and secreted in the GIT lumen to kill pathogens. 
Immunoglobulins represent a major component of total blood globulin (Klinkon and Ježek 
2012). Consequently an increase in immunoglobulin production is likely to increase the 
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plasma globulin fraction, making the concentration of plasma globulin an indirect indicator 
of the level of an animal’s immune response. 
Pro-inflammation cytokines produced by immune cells stimulate the production of 
acute-phase proteins (APPs) such as haptoglobin, serum amyloid A (SAA), C-reactive 
protein, caeruloplasmin, alpha 1-acid glycoprotein and fibrinogen. The APPs are mainly 
synthesised by hepatocytes in the liver and released into the blood stream (Murata et al. 
2004). Inflammation, infection or tissue injury stimulates the secretion of cytokines, thereby 
inducing APPs synthesis. Haptoglobin is a most sensitive indicator of the APP response. It 
is used for detecting disease due to its large and prolonged response to infection (Angen et 
al. 2009). In ruminants, the circulating level of haptoglobin in the blood is negligible in normal 
animals, but increases over 100 fold on immune stimulation (Murata et al. 2004). Many 
studies have indicated the significance of haptoglobin in sick calves, as characterized by 
high rectal temperature and depression (Murray et al. 2014), diarrhoeic calves 
(Hajimohammadi et al. 2013), pneumonia calves (Angen et al. 2009), and cattle with mastitis 
(Ohtsuka et al. 2001). Murray et al. (2014) also found that the level of haptoglobin in the first 
week of life is associated with mortality in calves less than 4 months of age. For every 1 g/L 
increase in haptoglobin level in the first week of life there was a 7.6 times higher need for 
clinical treatment for disease. Haptoglobin is used as an indicator of infection, inflammation, 
tissue injury or stress in general (Murata et al. 2004). 
Bacterial Probiotics in ruminant production 
Probiotics used in animal nutrition are broadly divided into two groups, bacteria and 
fungi (Aspergillus oryzae) or yeasts (Saccharomyces cerevisiae). The benefits or otherwise 
of fungal or yeast probiotics have been reviewed by Khalid et al. (2011b) and (Chaucheyras-
Durand et al. 2012). This review focuses on the use of bacterial probiotics alone or in 
combination with fungi and/or yeasts in pre-weaned and older weaned ruminants, their 
effects on the production performance and possible mechanisms. 
1.7.1 Pre-weaned ruminants 
In young pre-weaned ruminants, where the rumen is not yet fully functional, the 
conventional target of probiotic application is to stabilize the GIT microbiome to decrease 
the risk of pathogen colonization in the intestine and to facilitate a successful weaning. This 
is of particular importance in modern dairy systems where calves are separated from their 
dams within days of birth and are expected to wean at a dramatically earlier stage of maturity 
than, for example, in rangeland beef or sheep systems. Hence it is not surprising that the 
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majority of research into pre-weaned ruminants has used the dairy calf as a model. The 
immaturity of both the GIT microbiome and the immune system combined with the stress of 
new environments, as the calves move from the shed to a paddock environment for 
example, can increase the risk of diseases when calves are exposed to new pathogens 
(Krehbiel et al. 2003). The high risk of diarrhoea in particular could impair the growth rate of 
the calves and their weaning age; therefore the benefits of probiotics extend beyond the 
health perspective. 
Probiotic treatments used in pre-weaned calves can be multi-strain probiotics which 
are a combination of LAB such as Lactobacillus, Enterococcus with other probiotics such as 
Bacillus, Propionibacterium, or they may comprise dual or single strains. Examples of such 
probiotics that have been researched are listed in Table 1.1. Most of the probiotics that have 
been tested in pre-weaned calves were normally of GIT origin, except for Bacillus spp. The 
spore-forming Bacillus species is a heterogeneous group of bacteria that are 
characteristically aerobic, rod-shaped, gram-positive, and can produce bacteriocins (Sun et 
al. 2006; Benitez et al. 2010). They are naturally found in soil, water and air, and the GIT as 
a result of an involuntary ingestion of contaminated feed. However, the survival of Bacillus 
spp. in the GIT has been reported in chickens and pigs. For example, after a 2-week spore-
feeding period, the spores and vegetative cells of Bacillus licheniformis and Bacillus subtilis, 
determined by flow cytometry, were detected in all segments of the pig’s GIT (Leser et al. 
2008). Similarly, (Latorre et al. 2014) found that approximately 90% of the spores included 
in feed subsequently geminated in the digestive tracts of chickens. On the other hand, both 
(Leser et al. 2008) and (Latorre et al. 2014) found that Bacillus did not permanently colonize 
the animal’s digestive tracts as indicated by the gradual reduction in faecal excretion of 
spores to the background level only 1 week after the cessation of probiotics feeding.  
The common use of LAB in pre-weaned calves is logical in that they are some of the 
first beneficial bacteria to colonize in the GIT. Early colonization of LAB in the intestinal 
ecosystem is thought to decrease the colonization of pathogens (Section 2.5.1). However, 
there appears to be no evidence to indicate that multi-strain treatments are better than single 
strain treatments, or that treatments containing LAB are better than non-LAB treatments. 
Most of the probiotics listed in Table 1.1 were delivered in milk as opposed to solid feed, 
consistent with what is often advised by manufacturers. Only 2 out of 12 studies added 
probiotics in both milk and feed. A common dose of probiotics for pre-weaned calves is in 
the order of 109 cfu/d. However, lower doses of 108 cfu/d can also benefit calf performance 
(Mokhber-Dezfouli M.R. 2007; Bayatkouhsar et al. 2013). 
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 From Table 1.1 it is clear that the effects of probiotics in pre-weaned calves can be 
inconsistent. This may be due to variable health risks, possibly associated with variable 
rearing conditions. The positive responses in terms of DWG and/or FCE are found in 8 of 
the 12 studies and in each of these there was an incidence of diarrhoea or loose faeces that 
was improved in response to probiotic treatment. By contrast, 4 studies recorded no benefits 
and in these there were no effects of probiotics on the incidence of diarrhoea. These data 
indicate that DWG and FCE responses to probiotics are most likely to occur against a 
background incidence of diarrhoea, with the probiotic primarily acting to reduce the risk of 
diarrhoea. Differences between studies in terms of the level of background stress or poor 
rearing condition is difficult to determine and so it is difficult to judge whether these factors 
have played a role in the beneficial effects of the probiotics. The DWG of the non-treated 
calves though could provide some evidence for poor rearing conditions – the poorer the 
rearing the slower the growth rate. In future studies, an aspect that should be considered is 
whether a slower growth rate improves the chance of a response to probiotics. 
Probiotics can improve the rate of rumen development in young ruminants although 
few studies have considered this perspective in detail. Sun et al. (2010a) found that Bacillus 
subtilis fed to pre-weaned dairy calves increased rumen papillae density and length. 
Consistent with the stimulation of rumen development, calves fed the probiotic Bacillus 
subtilis were weaned 1 week earlier than the control calves (Sun et al. (2010a). It is expected 
that increased rumen development should increase DMI. However, whilst all of the studies 
in Table 1.1 monitored DMI, only two found an increase in DMI whereas in 8 of the 12 studies 
there was an increase in DWG. Whilst many of the studies did not present FCE data, it 
appears that probiotics are most likely to improve performance through an improvement in 
FCE rather than DMI per se. 
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Table 1-1 Effects of bacterial probiotics on the production performance of pre-weaned ruminants 
Reference Animals Probiotic Time* 
(days) 
Delivery Dose  
(cfu/d) 
DWG 
(%) 
DMI 
(%) 
FCE 
(%) 
Diarrhoea 
(%) 
Bayatkouhsar et al. 
(2013) 
Holstein 
Friesian calves 
Lactobacillus 
acidophilus, 
Lactobacillus casei, 
Bifidobacterium bifidum, 
Enterococcus faecium 
90  Milk  2.0×108  + 6.3  0  x ↓ faecal 
score  
Frizzo et al. (2010a) Holstein 
Friesian calves 
Lactobacillus casei, 
Lactobacillus salivarius, 
Pediococcus acidilactici 
35  Oral  109  0 0 x 0  
Frizzo et al. (2010b)  Holstein 
Friesian calves 
Lactobacillus casei, 
Lactobacillus salivarius, 
Pediococcus acidilactici 
35  Oral  109  + 45 + 46 - 6.7 ↓ faecal 
score 
Mokhber-Dezfouli M.R. 
(2007) 
Dairy calves Lactobacilli, 
Bifidobacterium bifidum, 
Enterococcus faecium, 
Aspergillus oryzae 
90  Milk  8×108 + 12 x x - 40 
Quintero-Gozalez et al. 
(2003) 
Holstein 
Friesian calves 
Lactobacillus 
acidolphilus, Bacillus 
subtilis, Lactobacillus 
lactis, Bacillus 
licheniformis  
35  Milk 3.3×109  0 0 0 0 
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0: no significant effect, ↓: decrease, x: data not available; *: duration of supplement period; DWG: daily weight gain; DMI: dry matter intake, FCE feed conversion 
efficiency (kg DMI/ kg DWG) 
Jatkauskas and 
Vrotniakiene (2010) 
Lithuanian 
Black-and-
White calves 
Enterococcus faecium 56  Milk  20×109  + 17  0 x - 30 
Masucci et al. (2011) Buffalo calves Enterococcus faecium  77  Milk  2×l09  + 22  0 0 ↓ faecal 
score 
Timmerman et al. (2005) Holstein 
Friesian calves 
Lactobacilli  56  Milk  1×109  + 3.4  0 - 7.2 - 33 
Riddell et al. (2010)  Holstein 
Friesian calves 
Bacillus subtilis, Bacillus 
licheniformis  
42  Milk+  
Feed 
109  0  0 0 0 
Sun et al. (2010a)  Holstein 
Friesian calves 
Bacillus subtilis 56  Milk  1×1010 + 11 0 - 19 x 
Kowalski et al. (2009) Holstein 
Friesian calves 
Bacillus licheniformis, 
Bacillus subtilis  
70 Milk+ 
Feed 
3.1×109 
1.3×109  
+ 7.4 + 
9.5 
 0  ↓ faecal 
score 
Bakhshi et al. (2006) Holstein 
Friesian calves 
Bacillus licheniformis, 
Bacillus subtilis  
49  Milk  3.2×109  0 0 0  0 
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1.7.2 Weaned Ruminants 
 In weaned ruminants, both growing and mature, the GIT is understood to have been 
habituated by a well-established and stable microbiome. This might be difficult to manipulate 
with probiotics. Probiotics for weaned ruminants have been promoted for their ability to 
manipulate the rumen microbiome so as to either restore or improve the stability of 
fermentation. Rumen pH is commonly used as an overall measure of that stability (Dijkstra 
et al. 2012). Lactic acid bacteria such as Enterococcus and Lactobacillus have been 
successfully used with yeast species to improve the performance of mature dairy cows, as 
reviewed by (Chaucheyras-Durand et al. 2012). They suggest that these bacteria advantage 
the cow by promoting, through a steady supply of lactic acid, a similarly steady activity of 
lactate-utilizing bacteria, the presence of which reduces the risk of sub-clinical rumen 
acidosis. Moreover, whilst a decline in rumen pH is often considered a threat to 
hemicellulolytic bacteria and therefore to the digestibility of fibre (see Section 2.2.3), it is 
possible for certain hemicellulolytic bacteria to persist, potentially due to the presence of 
probiotics. For example, Qadis et al. (2014a) found that probiotics comprised of 
Lactobacillus plantarum, Enterococcus faecium and Clostridium butyricum reduced the 24h 
mean rumen pH in weaned calves fed a 50% high-concentrate diet, but did not affect the 
number of hemicellulolytic bacteria, such as Butyrivibrio fibriosolvens and Eubacterium 
ruminantium. Inoculation of the rumen with lactate-utilizing bacteria, such as Megasphaera 
elsdenii or Propionibacterium species, have also been shown to reduce the accumulation of 
rumen lactate and stabilised rumen pH (Klieve et al. 2003; Henning et al. 2010). Stabilizing 
the rumen pH through the use of probiotics can prevent rumen sub-clinical and clinical 
acidosis when ruminants are fed high-concentrate diets such as in early lactating cows or 
on entry to a feedlot. 
Evaluations of probiotics in growing ruminants have mostly involved lambs (Table 
1.2). The majority (5 of 7) found improvements in growth rate. As discussed previously with 
pre-weaned calves (Table 1.1), when diarrhoea was measured and reduced by probiotic 
treatment, growth rate improved. Similar to the pre-weaned ruminants, most of the studies 
used probiotic combinations based on LAB, a few of the studies showed improved DMI and 
a few showed improved FCE, and the benefits occurred across a wide range of doses (108 
to 1011 cfu/d). However, unlike the un-weaned data set, none of these studies evaluated 
Bacillus spp. 
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Table 1-2 Effects of bacterial probiotics on performance of weaned growing ruminants 
Reference Animal Probiotic Time* (d) Delivery 
Dose 
(cfu/d) 
DWG (%) DMI (%) FCE (%) 
Diarrhoea 
(%) 
Khalid et al. (2011) Lambs Not named, commercial 90 Feed x + 3.4 0 0 x 
Lema et al. (2001) Lambs Lactobacillus acidophilus 49 Feed 108 0 0 0 0 
Streptococcus faecium 0 0 0 - 37.5 
Lactobacillus acidophilus, 
Streptococcus faecium 
+ 25.0 0 + 23.5 -21.3 
Lactobacillus acidophilus, 
Lactobacillus casei, 
Lactobacillus plantum, 
Lactobacillus fermentum, 
Streptococcus faecium 
+ 28.3 0 + 25.6 -58.9 
Apás et al. (2010) Goats Lactobacillus reuteri, 
Lactobacillus 
alimentarius, 
Enterococcus faecium, 
Bifidobacterium bifidum,  
55 Oral 109 + 8.5 0 x ↓Salmonell
a 
Malik and Bandla 
(2010)  
Buffalo 
calves 
Lactobacillus acidophilus, 
Saccharomyces 
cerevisiae, Aspergillus 
oryzae 
180 Feed 3×109 + 8.0 0 + 7.7 x 
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0: no significant effect; ↓: decrease; x: data not available; DWG: daily weight gain; DMI: dry matter intake; FCE: feed conversion efficiency; *: duration of supplement 
period  
  
Antunović et al. 
(2005)  
Lambs Enterococcus faecium 35 Feed 2×1011 0 0 0 x 
Galina et al. (2009)  Goats Lactobacilli 120 Feed x + 23.7 0 x x 
Henning et al. (2010) Lambs Megasphaera elsdenii 37 Intra-
rumen 
1011 0 + 6.0 x - 7.0 
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Probiotics can manipulate rumen fermentation, but not necessarily in a predictable 
way (Table 1.3). Supplementing with some probiotics such as Prevotella bryantii, Bacillus 
licheniformis or Bacillus subtilis can increase total VFAs and molar VFAs. There was an 
association between a response in rumen fermentation and response in the quality and 
production of milk. Seven of the 8 studies with an improvement in lactating performance, 
either through milk volume, fat or protein levels, found changes in rumen fermentation. The 
two studies that found no responses in lactating performance, also found no changes in the 
rumen fermentation (Raeth-Knight et al. 2007) or the rumen fermentation was not measured 
(Weiss et al. 2008). Similarly, in a study, testing two single strain of Bacillus subtilis and 
Bacillus licheniformis, only Bacillus subtilis could manipulate rumen fermentation and 
increase rumen milk yield, milk protein and FCE (Qiao et al. 2010). Increasing total VFAs or 
acetate supply from the rumen could increase the energy available for milk production, but 
if there is a bias toward more propionate then milk volume may increase more so than milk 
fat production, as propionate drives glucose production which in turn drives milk lactose 
which in turn drives milk volume (Chiquette et al. 2008; Qiao et al. 2010; Sun et al. 2013). 
Probiotics added to cows and ewes during the transition from pregnancy to lactation, 
or in early lactation, can increase milk yield and quality (Table 1.4). The dose of probiotics 
used in these studies (109 – 1011 cfu/d) tends to be higher than those previously reported in 
younger ruminants. However, in the few studies that compared a 1010 to a 1011 cfu/d dose 
there were no obvious advantages to the higher dose. These observations could indicate 
the potential for examination of lower dosages than are currently being applied in research. 
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Table 1-3 Effect of bacterial probiotics on the rumen fermentation 
Reference Animals Probiotics Time* (d) Delivery 
Dose 
(cfu/d) 
pH 
(%) 
NH3 
(%) 
VFAs 
(%) 
L 
(%) A (%) B (%) P (%) V (%) 
Nocek et 
al. (2003) 
Transitioning 
cows (-3w to 
10w) 
Yeast, 
Enterococcus 
faecium 
91  TMR  5×109 +1.7 x x x x x x x 
Raeth-
Knight et 
al. (2007) 
Mid lactating 
cows 
 
Lactobacillus 
acidophilus, 
Propionibacterium 
freudenreichii 
84 TMR 1×109  0 0 0 x 0 0 0 0 
Chiquette 
et al. 
(2008)A 
Mid lactating 
cows 
Prevotella bryantii 70  TMR  1011 0 +22.0 +10.1 x +11.8 +17.3 0 x 
Aikman et 
al. (2011) 
Early 
lactating 
cows 
Megasphaera 
elsdenii 
28 TMR  5×1010  0 0 0 0 0 0 0 x 
Qiao et al. 
(2010)B 
Transitioning 
cows (-2w to 
8w) 
Bacillus subtilis  70  TMR  2×1011  0 0 0 0 0 0 x 0 
Bacillus 
licheniformis 
-
12.5 
-2.0 +22.5 x +10.0 0 x x 
Peng et al. 
(2012) 
Early 
lactating 
cows 
Bacillus subtilis 63  TMR  8.3×109 0 0 0 x -3.2 0 +11.1 x 
Sun et al. 
(2013) 
Early 
lactating 
cows 
Bacillus subtilis 70 TMR  5×1010 
1×1011 
-2.7 +24.0 +32.2 x -1.9 0 +5.9 x 
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Qadis et 
al. (2014) 
Bulls Lactobacillus 
plantarum, 
Enterococcus 
faecium, 
Clostridium 
butyricum 
5 Oral 9×106 ↑ +42.3 0 -
70.0 
0 0 x 0 
Zebeli et 
al. (2012)A 
Lactating 
cows 
Megasphaera 
elsdenii 
21 Intra-
rumen 
3.5×109  0 x 0 -2.4 +12.4 0 0 +13.0 
0: no significant effect, ↑: increase, ↓: decrease, -: data not available; VFAs: volatile fatty acids; L: lactate; A: acetate; P: propionate; B: butyrate; *: duration of 
supplement period; TMR: total mix ration; A post-feeding data presented; B: 1h post feeding data presented 
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Table 1-4 Effects of bacterial probiotics on performance of lactating ruminants 
Reference Animals Probiotics Time* (d) 
Dose 
(cfu/d) 
DMI 
(%) 
FCE 
(%) 
Milk (% increase) 
Fat  Protein  Volume 
Raeth-Knight et al. 
(2007) 
Mid lactating cows Lactobacillus acidophilus, 
Propionibacterium 
freudenreichii 
84 1×109 0 x 0 0 0 
Boyd et al. (2011)  Transitioning 
cows (-3w to 7w) 
Lactobacillus acidophilus, 
Propionibacterium 
freudenreichii 
70 4×109 0 0 0 + 6.4 + 7.0 
Nocek et al. (2003) Transitioning 
cows (-3w to 10w) 
Saccharomyceteae, 
Enterococcus 
91 5×109 0 x 0 + 2.4 + 9.4 
Nocek and Kautz 
(2006) 
Transitioning 
cows (-3w to 10w) 
Saccharomyceteae, 
Enterococcus 
91 5×109 + 13.5 x - 6.7 0 + 6.2 
Stein et al. (2006) Transitioning 
cows (-2w to 30w) 
Propionibacterium 224 6×1010 0 + 9.7 ↑ ↑ + 7.1 
6×1011 0 + 8.9 0 ↑ + 8.5 
Weiss et al. (2008)  Early lactating 
cows 
Propionibacterium 131 6×1011 0 x 0 0 0 
Chiquette et al. 
(2008) 
Mid lactating cows Prevotella bryantii 70 1011 0 x + 8.5 0 0 
Aikman et al. 
(2011) 
Early lactating 
cows 
Megasphaera elsdenii 28 1010 0 x - 11.4 0 + 5.2 
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Qiao et al. (2010) Transitioning 
cows (-2w to 8w) 
Bacillus licheniformis 70 2×1011 0 + 6.2 0 + 6.1 + 7.8 
Bacillus subtilis   0 0 0 0 0 
Peng et al. (2012) Early lactating 
cows 
Bacillus subtilis 63 8.3×109 0 + 10.4 0 0 + 9.1 
Sun et al. (2013) Early lactating 
cows 
Bacillus subtilis 70 1010 0 x + 12.3 + 10.4 + 8.8 
1011 0 x + 14.6 + 15.6 + 12.9 
Kritas et al. (2006) Pregnant and 
lactating ewes 
Bacillus licheniformis,  
Bacillus subtilis 
58 2×109 0 x + 8.0 + 9.8 + 13.9 
0: no significant effect; ↑: increase; ↓: decrease; -: data not determined; DMI: dry matter intake; FCE: feed conversion efficiency (kg Milk/ kg DMI) *: duration of 
supplement period
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In the pre-weaned and weaned ruminant studies reviewed, probiotics were almost 
always mixed into the diet on a daily basis prior to feeding, rather than being incorporated 
into the diet or diet components in the weeks or months before feeding. The need for daily 
mixing appears to be a limitation of most probiotics as most are thought to have to be fed in 
a vegetative state to induce the expected benefits. Daily mixing could be relatively easily 
employed in more intensively managed ruminant systems but is not suitable for grazing 
ruminants that may not be seen or handled for days, weeks or months at a time. To increase 
the application of probiotics in ruminant systems in general, and reduce the extra labour that 
daily mixing may require, consideration should be given to the inclusion of probiotics during 
the manufacturing stage of feeds. Heat tolerance would be an important feature of probiotics 
if they are to be manufactured into pellet feeds as they have to survive the steaming process 
during manufacture. Ability to survive storage is another required feature. Most of the 
commonly used probiotics could not survive the pelleting process or storage due to their 
vegetative nature. However, spore-forming bacteria such as Bacillus spp. are an exception 
and therefore have great potential, as has been previously pointed out by Huynh et al. 
(2005). The few studies that have used Bacillus spp. did pre-inoculate the pellets by 
incorporating it during manufacture but also mixed the probiotic daily into the milk (Kowalski 
et al. 2009; Riddell et al. 2010) (Table 1.1). Hence, the value of inoculation using bacterial 
spores such as those from Bacillus spp. to enable preparation well in advance of feeding, 
when the pellets are being manufactured, remains to be properly tested. 
Proposed mechanisms of action of probiotics in ruminants 
The mechanisms of action of probiotics on the performance and health of ruminants 
are not fully understood. Most of the focus in the literature on probiotics is on mechanisms 
within the GIT. However, mechanisms could extend beyond the GIT, to whole of body 
immunity and metabolic responses. 
1.8.1 Probiotics and rumen function 
Bacterial probiotics can modify the composition of the rumen microbiome even 
against a developing ruminal acidosis. In sheep challenged with wheat-induced lactic 
acidosis, supplementation with probiotics Propionibacterium alone or a combination with 
either Lactobacillus plantarum or Lactobacillus rhamnosus decreased the number of 
Fibrobacter intestinalis, protozoa and Ruminococcus albus while increasing Lactobacillus 
(Lettat et al. 2012). The addition of Bacillus subtilis probiotics to lactating cows increased 
total bacteria and amylolytic bacteria, but decreased proteolytic bacteria and protozoa (Sun 
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et al. 2013). Chiquette et al. (2012) found that supplementing with Enterococcus faecium 
and Sacharomyces cerevisiae probiotics during a sub-acute rumen acidosis challenge 
maintained the population of Ruminococcus flavefaciens and increased the population of 
Megasphaera elsdenii in lactating cows. In feedlot cattle, Propionibacterium probiotics 
increased populations of protozoa and decreased populations of amylolytic bacteria 
(Ghorbani et al. 2002). The changing of the rumen microbiome due to supplementation with 
probiotics during a change of diet to one that promotes a greater risk of ruminal acidosis 
could improve rumen pH to maintain rumen health. 
The increase in total rumen bacteria that probiotics appear to promote through 
improved pH regulation could increase the rumen microbial synthesis or increase the 
digestibility of fibre in ruminants. The addition of Bacillus licheniformis to the diet of lactating 
cows increased NDF digestibility (Qiao et al. 2010). Similarly, Boyd et al. (2011) found that 
lactating cows supplemented with Lactobacillus acidophilus and Propionibacterium 
freudenreichii had higher NDF and protein digestibility. Khalid et al. (2011) found that 
supplementing the diet of growing lambs with a commercial probiotic increased NDF and 
ADF digestibility. Similarly, a mixture of Lactobacillus probiotics increased digestibility of 
protein and fibre as well as increased microbial synthesis in growing goats (Galina et al. 
2009). The improvement of digestibility and microbial synthesis due to probiotic additions 
could provide more metabolisable energy and protein to the host, thus increasing the 
production performance of ruminants. 
1.8.2 Probiotics and the intestinal barrier 
Probiotics may improve the immune system by stimulating antibody production, 
increasing epithelial barrier integrity, and up-regulating immune cells. Qadis et al. (2014b) 
found that supplementing calf feed with a probiotic mixture of Lactobacillus plantarum, 
Enterococcus faecium and Clostridium butyricum increased the number of leukocytes in 
both diarrheic and healthy calves and in the diarrheic calves the severity of diarrhoea was 
also reduced. Probiotics can indirectly affect the ruminant’s immune system by changing the 
microbe community. Kawakami et al. (2010) showed that Lactobacillus plantarum 
supplementation to Holstein Friesian calves increased the number of LAB which resulted in 
GIT-associated lymphoid and epithelial cells activating local immune responses in the 
intestine. Sun et al. (2010a) found that supplements of Bacillus subtilis fed to pre-weaned 
calves increased the levels of serum immunoglobulin G (IgG) and T helper cell 1 (Th1) 
cytokines such as interferon gamma (IFN-γ). In addition, Bacillus added to the diet of dairy 
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calves with diarrhoea promoted the activation and maturation of regulatory T cells (Novak 
et al. 2012).  
In addition, probiotics may reduce the stress and inflammation associated with 
diarrhoea in pre-ruminants. However, there is limited published data on the effects of 
probiotics on plasma APPs such as haptoglobin (see Section 2.5.2) as indicators of stress.  
1.8.3 Probiotics and metabolism beyond the GIT 
The commensal GIT microbiome appears to affect glucose and lipid metabolism in 
the host animal via the receptors of VFAs in the pancreas and in adipose tissue. Most 
evidence on these mechanisms derives from investigations into metabolic disorders in 
human and mice models. Samuel et al. (2008) found that germ-free mice fed a high-fat diet 
gained more weight than mice colonized with two bacterial probiotics that are commonly 
found in the human GIT. Probiotics can also affect the secretion and activity of hormones 
derived from the adipose tissue. In rats fed a high-calorie diet, probiotic-enriched cheese 
maintained concentrations of plasma adiponectin and prevented the accumulation of 
abdominal adipose compared to those not fed the probiotic (Higurashi et al. 2007). Similarly, 
in a study of adult humans with obese tendencies, the probiotic Lactobacillus gasseri 
significantly reduced both abdominal, visceral and subcutaneous adipose deposits and 
increased concentrations of plasma adiponectin (Kadooka et al. 2010). An increase in 
adiponectin has been found to increase fatty acid oxidation and stimulate energy 
expenditure to reduce lipogenesis in obese mice (Qi et al. 2004). In addition, Lee et al. 
(2013) found that 1-deoxynojirimycin, α-glycosidase inhibitor isolated from Bacillus subtilis, 
could enhance the levels of adiponectin and its receptors in differentiated murine adipocytes, 
in vitro. Also in diet-induced obese mice, supplementing with a probiotic mix of Lactobacillus 
rhamnosus and Lactobacillus plantarum increased plasma leptin levels (Ivanovic et al. 2015) 
and decreased DMI.  
In ruminants, there is very limited information of the effects of probiotics on the 
metabolic hormone responses of the host. Nocek et al. (2003) found that supplementing 
with Enterococcus faecium and yeast increased blood glucose and blood insulin levels 
during the transition from pregnancy to lactation in cattle. The mechanism on how probiotics 
affect blood glucose and blood insulin in ruminant has not yet understand. However, on the 
basis of the findings in human and mice models and with the understanding, as discussed 
in Section 1.6.2, that microbiome appears to affect glucose and lipid metabolism in the host 
animal via the receptors of VFAs in the pancreas and in adipose tissue. In ruminants, 
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propionate from ruminal fermentation is the major precursor for gluconeogenesis the major 
source of glucose in ruminants. In addition, VFAs receptors have also been identified in the 
pancreas and adipocytes, it is reasonable to expect adiponectin, leptin and insulin 
responses to probiotics could due to changes in VFAs profiles in the rumen. 
Summary of the literature review, aims and hypotheses 
This review has highlighted the potential for the use of bacterial probiotics in both pre-
weaned and older weaned ruminants to improve performance and health status. Current 
potential mechanisms of probiotic action have also been outlined. The review supports the 
view that probiotics exert benefits during transition periods when animals are under stress 
and, or, suboptimal rearing conditions. The benefits of probiotics in pre-weaned ruminants 
are associated with an improvement of diarrhoea, a condition that reduces an animal’s 
growth rate and wellbeing. In lactating cows, the benefits of probiotics are more likely linked 
with an improvement in rumen fermentation. Improvements in DWG are often recorded in 
pre-weaned and growing weaned ruminants, and improvements in milk quantity and quality 
are recorded in lactating sheep and cattle. Benefits to FCE appear more likely than benefits 
through an improvement in DMI alone. The current major mechanism of action of probiotics 
in ruminants appears to be through the manipulation of the rumen microbiome, fermentation 
products and the stabilisation of rumen pH, and improvements in the intestinal barriers 
through the probiotics competitively excluding pathogens or improving the immune response 
that in turn resists the proliferation of pathogens on the intestinal barrier. Studies in humans 
and mice have shown the great potential for probiotics to affect metabolic sites such as the 
pancreas and adipose tissue to regulate whole body energy metabolism, but published 
information on such benefits in ruminants is currently very limited.  
Lactic acid-producing bacteria are the most common probiotics used in pre-weaned 
ruminants in a probiotic mix of different genera that target the lower portion of the GIT. By 
contrast, in lactating cows, lactic acid-utilizing bacteria are commonly used in mature 
ruminants to manipulate rumen fermentation. The Bacillus species, mainly Bacillus subtilis 
and Bacillus licheniformis, are used in probiotic combinations or as an individual genus for 
both pre-weaned and weaned ruminants. Spore-forming probiotics such as Bacillus spp. 
could be utilised in the manufacture of feeds to take advantage of the longer shelf-life and 
increased survival capacity that spores afford, and to save labour by reducing the need to 
mix probiotic into ruminant feeds on a daily basis.  
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In research conducted at the University of Queensland, spores of the probiotic 
Bacillus amyloliquefaciens strain H57 (H57) that were isolated from fresh lucerne leaves 
were shown to reduce the risk of hay spoilage (Brown and Dart 2005). In a subsequent pilot 
study, H57 also improved DMI and the efficiency of nitrogen utilization in pregnant ewes fed 
the treated hay, for a short period (Norton et al. 2008). This thesis hypothesizes that the 
probiotic H57 can be inoculated into feed pellets or added to milk to improve the production 
performance of both pre-weaned ruminants and more mature ruminants. The objectives 
were to investigate the effects of the probiotic H57 on rumen function and ruminant 
performance, and to test for associations between probiotic responses and metabolic 
hormone responses with a view to directing future research into such mechanisms. Changes 
in the genetic profile of the rumen microbiome due to supplementation with H57 were 
investigated in a parallel study to the current study (Schofield et al. unpublished). 
Four experiments have been conducted: 
Experiment 1 evaluated the effects of H57 supplementation on pregnant ewes fed a 
high-concentrate diet based on palm kernel meal, which is an agro-industrial by-product 
(Chapter 2);  
Experiment 2 evaluated the effects of H57 supplementation in starter feed pellets on 
dairy calve liveweight and starter DMI when reared under hot summer conditions from 4 
weeks of age until weaning at 12 weeks of age (Chapter 3);  
Experiment 3 extended the application of H57 in dairy calves by feeding it in milk to 
apply it as soon as possible after birth, until early-weaning at 8 weeks of age (Chapter 4); 
and 
Experiment 4 investigated the palatability of feed pellets inoculated with H57 using 
the weaned dairy calves from Experiment 3 and the H57-inoculated pellets from Experiment 
2 (Chapter 6).  
Chapters 2 and 3 have been published in the journal Animal Production Science. 
These experiments were conducted to evaluate the effects of H57 supplementation on 
ruminant health and performance at stressful periods: pregnancy to lactation, and calf 
rearing to weaning, when the GIT health is most likely to be compromised due to changes 
in diet and exposure to disease-causing pathogens. Chapter 4 focuses on the application of 
H57 to the entire calf-rearing period prior to early weaning to include the period of primary 
colonization of the GIT microbiome. Chapter 5 focuses on the effects of H57 
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supplementation on metabolic hormones of pregnant ewes using the blood plasma collected 
from the experiment described in Chapter 2. Chapter 6 focused on the potential for H57 to 
improve the palatability of feed pellets. Chapter 7 summarises and evaluates the new 
knowledge gained from Chapters 2 to 6 in regard to the value of H57 to rumen and ruminant 
performance and health, and how those results inform potential future research directions 
into the mechanisms of action of bacterial probiotics. 
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Chapter 2 Production responses of reproducing ewes to a by-product-based diet 
inoculated with the probiotic Bacillus amyloliquefaciens strain H57 
Oanh T. LeA, Benjamin SchofieldB, Peter J. DartB, Matthew J. CallaghanC, Allan T. LisleB, Diane OuwerkerkD, 
Athol V. KlieveB and David M. McNeillAE 
ASchool of Veterinary Science, The University of Queensland, Gatton Qld 4343, Australia 
BSchool of Agriculture and Food Sciences, The University of Queensland, Gatton Qld 4343, Australia 
CRidley AgriProducts Pty Ltd, Toowong Qld 4066, Australia 
DDepartment of Agriculture, Fisheries and Forestry, Dutton Park Qld 4102, Australia 
ECorresponding author. Email: d.mcneill@uq.edu.au 
Abstract. 
The potential application of the spore forming probiotic Bacillus amyloliquefaciens 
strain H57 (H57) as a novel probiotic for ruminants was evaluated in reproducing ewes. 
Performance responses were determined by delivering the H57 in a majority pelleted diet 
based on palm kernel meal (PKM) and sorghum grain. Palm kernel meal is an agro-industrial 
by-product with a reputation for poor palatability and the availability of the starch in sorghum 
grain can be limited in ruminants. The hypothesis was that H57 improves the feeding value 
of a relatively low quality concentrate diet. Twenty-four first-parity white Dorper ewes were 
fed PKM-based pellets manufactured with or without H57 (109 cfu/kg pellet) in late 
pregnancy. During late pregnancy, the H57-fed ewes ate 17% more dry matter (1,019 versus 
874 g/d, P = 0.03), gained more weight (194 versus 30 g/d, P = 0.008) and retained more 
nitrogen (6.13 versus 3.34 g/d, P = 0.01), but produced lambs with a similar birth weight (4.1 
versus 4.2 kg, P = 0.73). Rumen fluid collected from H57-fed ewes in late pregnancy had a 
higher pH (7.1 versus 6.8, P = 0.07) and acetate/propionate ratio (3.4 versus 2.7, P = 0.04), 
and lower ammonia (69 versus 147 mmol/L, P = 0.001) and total VFAs concentrations (40 
versus 61 mg/L, P = 0.02). The digestibility of dry matter, organic matter and fibre were 
similar between the two groups. The lambs of the H57-fed ewes grew faster than those of 
the Control ewes for the first 21 days of lactation (349 versus 272 g/d, P = 0.03), but not 
thereafter. The result highlights the potential for H57 to stimulate the voluntary DMI of a diet 
with an otherwise suboptimal palatability. To conclude, H57 can improve DMI and maternal 
DWG in late pregnancy, and subsequent lamb growth in the first few weeks of lactation, of 
first-parity ewes fed a diet based on PKM. 
Key words: Probiotic, pregnant ewes, live weight, feed intake, palm kernel meal 
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Introduction 
Probiotic supplements are single or mixed strain cultures of live microorganisms that 
benefit the host by improving the ecological balance of the indigenous microflora (Newbold 
1996). Probiotics have been widely used in monogastrics to reduce the risk of diarrhoea and 
the stress of weaning and to improve both feed efficiency and growth performance 
(Alexopoulos et al. 2001; Huynh et al. 2005; Chaucheyras and Durand 2010). Studies into 
the potential for probiotics in ruminant diets are increasing but focus mainly on pre-weaned 
animals. In immature ruminants, probiotics can advance rumen development by increasing 
the length and density of rumen papillae (Sun et al. 2011), reduce the frequency of diarrhoea 
(Timmerman et al. 2005; Jatkauskas and Vrotniakiene 2010; Signorini et al. 2012), and 
increase dry matter intake (DMI) (Kowalski et al. 2009; Frizzo et al. 2010b), daily weight gain 
(DWG) (Galina et al. 2009; Bayatkouhsar et al. 2013) and feed efficiency (Sun et al. 2010a).  
Compared to pre-weaned ruminants, the effects of probiotics on more mature 
ruminants are inconsistent. Supplementation with probiotics can increase milk yield and milk 
protein in lactating cows (Qiao et al. 2010; Peng et al. 2012) and lactating ewes (Kritas et 
al. 2006). However, most studies have found no effects of probiotics on growth performance 
(Garza‐Cázares et al. 2001; Antunovi et al. 2006; Raeth-Knight et al. 2007; Galina et al. 
2009; Khalid et al. 2011). Inconsistent responses of mature ruminants to probiotics could be 
due to the variety of different types of probiotics used (Malik and Bandla 2010) or nature of 
the background diet (Frizzo et al. 2011b). Moreover, studies have generally evaluated 
probiotics in ruminants fed conventional diets rather than diets based on low quality by-
products. Since worldwide demand for the incorporation of by-products into ruminant diets 
is expected to increase, strategies to improve the nutritional value of these alternative 
feedstuffs are required (McNeill 2013). The Bacillus amyloliquefaciens strain H57 (H57) 
could provide such a strategy, as by-products are commonly at risk of spoilage and H57 has 
been shown to ameliorate this risk, at least in hay. In research at the University of 
Queensland, H57 spores isolated from fresh lucerne leaves were shown to reduce the risk 
of hay spoilage (Brown and Dart 2005). In a subsequent pilot study, H57 also improved DMI 
and the efficiency of nitrogen utilization in pregnant ewes fed the treated hay, for a short 
period (Norton et al. 2008). The following study evaluated the impact of the probiotic H57 on 
pregnant ewes fed a diet comprised of a high concentration of palm kernel meal (PKM), an 
agro-industrial by-product with a reputation for poor palatability. The hypothesis tested was 
that H57 improves the feeding value of a pelleted diet based on PKM through improved DMI 
in pregnant and lactating ewes. 
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Materials and methods 
2.3.1 Animals and management 
The use of the animals and the experimental procedure were approved by the Animal 
Ethics Committee of the University of Queensland. 
Thirty two first-parity white Dorper ewes (liveweight: 47.3 ± 6.9 kg and age: 15 ± 4.6 
months) were allocated to a completely randomized experiment with two treatments (with or 
without H57). Ewes were selected from a stud flock following a synchronized breeding 
program in which all ewes were impregnated by artificial insemination (AI) on the same day. 
From day -120 (120 day before parturition), in addition to grazing, the ewes were offered a 
PKM and sorghum-based pelleted diet (Table 2.1) at 200 g/d/ewe in self-feeders as a group. 
At day -100 , the ewes were relocated into individual pens (1.5m width x 2.1m length) with 
metal mesh floor in an animal house at the Queensland Animal Science Precinct, The 
University of Queensland (Gatton QLD Australia), and so from this point onwards were 
individually fed, all on the PKM-based control diet. On entry to the pens, the ewes were 
treated for gastrointestinal parasites with Cydectin long acting injection for sheep (Virbac, 
Milperra NSW Australia) and vaccinated against clostridial diseases with Glanvac 6 (Zoetis, 
Australia). 
In the first two weeks of the adjustment period, in the pens, eight ewes were removed 
from the study due to particularly poor voluntary DMI, leaving 24 ewes. The intake problem 
was thought to be due to the stress of the new environment, the reputed poor palatability of 
PKM, and a possible metabolic acidosis. To optimize the appetite of the ewes, oaten chaff 
was mixed with the pellets (100 g chaff/ewe/day), the adjustment period was extended from 
two weeks to seven weeks (day -105 to -58) and NH4Cl removed from the pellets. The NH4Cl 
was initially added to reduce the risk of urinary calculi development but can also impede 
appetite if the decline of metabolic pH of the animal is excessive. Urine pH can indicate the 
level of decline and when tested on day -84, urine pH was found to be more acidic than 
expected (mean of all ewes was pH=5.9). Consequently the diet was reformulated by 
replacing the NH4Cl with an iso-nitrogenous amount of urea, which elevated urine pH to a 
more normal level (pH=7.9) within 3 days and the ewes were given a few more weeks to 
adjust before treatments were imposed. On day -58, the twenty four ewes were allocated to 
one of two treatment groups according to liveweight. The treatment groups were “H57” (n = 
12, fed pellets containing 2.85 x 109 cfu of H57 spores/kg pellets, as fed) and “Control” (n = 
12, fed pellets without added H57). The H57 spores were incorporated into the pellets during 
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the steam pelleting process at the Ridley Agriproducts Pty Ltd production facility 
(Toowoomba, Queensland, Australia). 
During pregnancy, ewes were individually offered an amount of feed calculated to 
meet their energy and protein requirements for the developing conceptus plus 70 g/day of 
maternal tissue weight gain, according to their liveweight and stage of pregnancy (Freer 
2007). The amount of feed offered was reset weekly. The amount for the coming week was 
pre-weighed into a separate storage bin for each ewe, from which fresh pellets were 
transferred twice daily, in two approximately equal amounts that represented 1/14th of the 
weeks feed using pre-calibrated feed scoops, at 7.00 and 16.00, to the ewe’s feed trough, 
so that by the end of the week the fresh pellets bin was emptied. Refusals were removed 
once daily from the ewe’s feed trough, before the morning feeding, and bulked in a separate 
bin for each ewe across the week, and weighed weekly. Samples of pellets were collected 
weekly and stored at -20oC. At the end of the experiment, weekly samples were combined 
and two subsamples from each treatment group were taken for analysis of the compositions 
(Table 2.1). The weekly samples of refusal were analyzed for DM to determine DMI. Feed 
intake was measured weekly (except during 2 digestibility periods when intake was 
measured daily) and divided by 7 to express it on a daily basis. 
During lactation, from day 7 to 14 the ewes were changed to a PKM-based pellets 
reformulated to account for lactation (Table 2-1). Within this week, the diets were also 
accidentally swapped between treatment groups such that the control ewes received the 
H57 treatment and vice versa. Within the same week, a ewe showed signs of acute copper 
toxicity and a generalized copper toxicity was quickly confirmed that was suspected to be 
due to the PKM in the pellets. Hence, from day 14 to day 63, the diet was replaced by a 
50:50 mix of lucerne:oaten chaff, fed ad libitum, plus 100 g/ewe.day of ground sorghum 
grain with or without H57 (4.3 x 109 cfu/100g). The H57 was mixed directly with sorghum 
grain, in contrast to the pregnant diet where it was subjected to the steaming process. 
The grain was fed in a separate feeder to the chaff to ensure complete intake of the grain. 
The ingredients and chemical composition of experimental diets are presented in Table 2.1. 
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Table 2-1 The ingredients and chemical composition of the experimental diet 
 Pregnancy diet Lactation diet 
Ingredients (% DM)   
 Palm kernel meal 37.5 - 
 Sorghum grain ground 39.6 4.0 
 Chickpea hull  9.5 - 
 Urea 0.3 - 
 Oaten chaff 8.0 48.0 
 Lucerne chaff - 48.0 
 Molasses 2.5 - 
 Limestone 1.5 - 
 Salt 0.5 - 
 Ammonium sulphate 0.5 - 
 Mineral/Vitamin premixA 0.2 - 
 H57spores (cfu/kg DM) +/- 2.85 x 109 +/- 4.3 x 1010 
Composition (% DM)    
 DM (%) 91.1 83.1 
 CP  12.7 13.7 
 OM  93.5 88.6 
 NDF  36.8 45.3 
 ADF  24.7 28.5 
 Lignin  7.15 5.62 
 Ca  10.2 9.90 
 P  3.31 3.61 
DM: dry matter; CP: crude protein; OM: organic matter; NDF: neutral detergent fibre; ADF: acid detergent fibre 
A Mineral/Vitamin premix (mg/kg, unless stated): Vitamin A, 3000 IU/g; Vitamin D3, 250 IU/g; Vitamin E, 2500; 
Ion, 7500; Zinc, 25000; Manganese, 1000; Selenium, 50; Molybdenum, 500; Cobalt, 500; Iodine. 500. 
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2.3.2 Measurements 
Liveweight of ewes and lambs was measured weekly before feeding in the morning. 
The daily weight gain of each sheep was calculated by regressing each set of weights 
against their age in days across 3 periods (adjustment from day -105 –to day -56, pregnancy 
from day -56 to day 0, lactation from day 0 to day 63), so that the slope of the line indicated 
DWG in g/d. Lamb birth weight was measured as soon as the dam completed grooming 
their lambs (within 1h after birth). The DWG of each lamb was calculated by regressing each 
set of weights against their age in days across 2 periods (from 0 - 21 days, and 21 - 63 
days). BCS was measured in adjustment period (day -51), pregnancy (day -7) and lactation 
(day 52) on a scale of 1 (emaciated) to 5 (obese). 
Nitrogen balance and digestibility were measured twice during pregnancy, first in the 
adjustment period (from day -70 to -60 prior to parturition) and second, three weeks after 
transition onto the treatment diets (from day -36 to -26 before parturition). Ewes were moved 
into metabolism crates for 10 days, the first 3 days for acclimation and the following 7 days 
for total collection. About 80ml of 5% acid sulfuric was added to urine collection buckets to 
keep pH below 3.5 in order to stabilize urinal nitrogen. Faeces and urine for each ewe were 
collected and weighed daily, at 6.00. About 10% subsamples of the daily feed offered, 
refusal, faeces and urine were collected and stored at – 20oC. At the end of collection period, 
daily samples were bulked and mixed thoroughly, then 10% subsamples were collected and 
oven dried at 60oC for 48h and ground through a 1mm screen (Retsch ZM 200; Haan, 
Germany) for subsequent chemical analysis.  
Rumen fluid was collected by a stomach tube before the morning feeding during 
pregnancy (day -58 and -21 before parturition) and lactation (day 52 after parturition). The 
pH of rumen fluid was measured using a portable pH meter (Elmetron IP67, Wincentego 
Witosa 10, Zabrze, Poland) immediately after collection and then two sub-samples (4 
mL/sample) were taken: one for the analysis of volatile fatty acids (VFAs) concentration (4 
mL rumen fluid + 1 mL of 20% metaphosphoric acid), and one for ammonia analysis (4 mL 
rumen fluid + 2 mL of 20% sulphuric acid). The concentration of ruminal VFAs was 
determined by gas liquid chromatography (GC17, Shimadzu Kyoto Honshu Japan) using a 
polar capillary column (ZB-FFAP, Phenomenex Lane Cove NSW Australia). The ruminal 
ammonia concentration was determined by distillation using a Buchi 321 distillation unit 
(Flawill, St. Gallen Switzerland). 
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2.3.3 Chemical Analysis 
Dry matter (DM) and organic matter (OM) were measured using the AOAC (1990) 
methods. Nitrogen content of feed offered, feed residue, faecal and urine samples were 
measured using the AOAC (1990) method adapted for an automatic distillation of the 
Kjeldahl digestion product (Kjeltec, 8400 FOSS Hillerod North Zealand Denmark). Neutral 
detergent fibre (NDF) and acid detergent fibre (ADF) were determined using an Ankom fibre 
digestion unit using procedures described by the manufacturer (Ankom Technology, 
Macedon New York USA). 
2.3.4 Statistical analysis 
From the 12 ewes per treatment group, one H57 ewe was removed from the analysis 
as it was the only ewe to produce twin lambs; all others produced single lambs. From 
parturition onwards, several more ewes were removed from the study: two Control ewes 
due to the loss of their lambs through dystocia, one H57 ewe due to poor brain development 
in its lamb, one H57 ewe due to its refusal to suckle its lamb for several days after birth, and 
one H57 ewe died due to copper toxicity in the second week after parturition. Consequently, 
the final statistical analysis was completed on 23 single bearing ewes for the pregnancy 
period (H57, n = 11; Control, n = 12), and 18 ewes, each with a single lamb, for the lactation 
period (H57, n = 8; Control, n = 10). 
Analyses of DMI of the ewes and liveweight change of both ewes and lambs were 
conducted using a General Linear Model (GLM) analysis in STATISTICA 8.0 (2007), 
Statsoft. Sum of squares were partitioned into effects for treatment and time along with 
possible interactions. The initial liveweight of ewes was used as a covariate for the analysis 
of ewe liveweight change and DMI, ewes within treatment were included as a random effect 
and time was considered as a repeated factor within each ewe. Data of rumen 
characteristics, digestibility, nitrogen utilization and BCS were analyzed using a mixed model 
ANOVA in STATISTICA 8.0 (2008), Statsoft. The model included treatment as a fixed effect, 
and ewes within treatment and residual errors as random effects.  
Results 
2.4.1 Dry matter intake 
During the adjustment period (day -105 to -58) DMI was similar between the 
treatments. Differences in DMI between two groups became significant approximately five 
weeks after supplementation with H57 began (Figure 2.1). For the entire supplementation 
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period in pregnancy (day -57 to parturition), the DMI of the H57-fed ewes was 16.6% higher 
than the Control ewes (P = 0.03, Figure 2.1, Table 2.2).  
One week post-parturition (from day 7 to 14), the dietary treatments were accidentally 
reversed for a week. That problem was rectified but at the same time a copper toxicity 
became evident in both groups and so within the space of the following week all ewes were 
progressively adjusted onto the predominately chaff diet with or without H57 added in ground 
sorghum grain fed in a separate feeder. No difference in DMI was recorded due to treatment 
throughout lactation (P = 0.66, Table 2.2). Post-parturition, DMI in both groups increased 
rapidly, by 2.5 times for the H57-fed ewes and 3.2 times for the Control ewes compare to 
that in late pregnancy, over the first four weeks (Figure 2.1). 
 
 
Figure 2-1 Effect of supplementation with Bacillus amyloliquefaciens strain H57 on 
the dry matter intake of pregnant and lactating ewes 
Solid line: H57 group; dashed line: Control group 
*: P<0.05; **: P<0.01; ***: P<0.001 (between treatments within weeks) 
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Table 2-2 Ewe growth parameters due to supplementation with Bacillus amyloliquefaciens strain H57 
 Adjustment  Late pregnancy  Lactation 
 Control H57 s.e.m P  Control H57 s.e.m P  Control H57 s.e.m P 
n 12 11    12 11    10 8   
Initial weight (kg) 47.4 47.2 1.99 0.96  52.2 51.8 1.82 0.89  45.2 53.9 1.20 0.001 
Final weight (kg) 49.6 50.3 1.81 0.79  54.3 63.6 1.60 0.001  50.2 54.8 1.40 0.08 
DMI (g/d) 1033 1002 28.3 0.45  873 1018 44.2 0.03  1865 1850 21.4 0.66 
DWG (g/d) 95.2 108.0 13.6 0.52  29.8 194 24.9 0.001  68.2 14.7 19.3 0.07 
BCS 3.19 3.15 0.97 0.78  3.20 3.59 0.12 0.04  2.40 2.75 0.09 0.02 
DMI: Dry matter intake, DWG: daily weight gain, BCS: body condition score 
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2.4.2 Ewe and lamb liveweight change  
Over the adjustment period, the liveweight gain of approximately 5 kg was similar 
between both groups such that each started the late pregnancy treatment period at similar 
liveweight (P= 0.89 Table 2.2, Figure 2.2). By parturition, after eight weeks of H57 
supplementation, the H57-fed ewes were 17% heavier than the Control ewes (P = 0.001). 
Over late pregnancy, the H57-fed ewes gained 11.3 kg compared to 2.1 kg in the Control 
ewes. The liveweight advantage in the H57-fed ewes persisted for approximately four weeks 
post-lambing and tended to be higher (4.6 kg, P = 0.08) at the end of the lactation. Despite 
this, for the entire lactation period, the DWG of the Control ewes was 53.5 g/d higher than 
the H57-fed ewes (P = 0.07). Consistent with the liveweight response, body condition score 
(BCS) increased during gestation in H57-fed ewes and this difference remained through 
lactation. By the end of lactation the H57-fed ewes had a 14.6% higher BCS than the Control 
ewes (P = 0.02, Table 2.2). 
Despite the higher DWG of the H57-fed ewes during late pregnancy, there was no 
effect of supplementation on lamb birth weight (Table 2.3). However, from birth to day 21, 
lambs produced by the H57-fed ewes grew 25% faster than those of the Control ewes (P = 
0.03). Thereafter, from day 21 to day 63, lamb growth rate was similar between the two 
treatment groups so that by day 63, a treatment effect on lamb liveweight was not detectable. 
Table 2-3 Effect of Bacillus amyloliquefaciens strain H57 on lamb growth rate 
 Control H57 s.e.m P 
n 10 8   
Birth weight (kg) 4.07 4.20 0.19 0.73 
Final liveweight (kg) 23.3 24.5 0.73 0.40 
DWG (0-21 day old) (g/d) 272 349 21.0 0.03 
DWG (22-63 day old) (g/d) 320 310 12.7 0.57 
DWG (0-63 day old) (g/d) 309 318 11.5 0.64 
DWG: daily weight gain 
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Figure 2-2 Effect of supplementation with Bacillus amyloliquefaciens strain H57 on the 
liveweight trajectory of pregnant and lactating ewes 
Solid line: H57 group; dashed line: Control group 
*: P<0.05; **: P<0.01; ***: P<0.001 (between treatments within weeks) 
2.4.3 Digestibility and nitrogen retention in pregnancy 
Nitrogen retention was similar for both groups in the adjustment period. After 21 days 
on treatment, nitrogen retention in the H57 group increased to double that of the Control 
group (P = 0.01), despite nitrogen intake and nitrogen digestibility being similar. In that 
period, urinary nitrogen, expressed as percentage of nitrogen intake, was 31.6% lower in 
H57-fed ewes than in the Control ewes (P = 0.02) but digestibility of dry matter, organic 
matter, and neutral detergent fibre remained unaffected (Table 2.4). 
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Table 2-4 Effect of Bacillus amyloliquefaciens strain H57 on digestibility and nitrogen utilization of pregnant ewes 
 Adjustment  Pregnancy 
 Control H57 s.e.m P  Control H57 s.e.m P 
Nitrogen intake          
 g/d 18.8 18.1 0.72 0.51  17.5 20.4 1.20 0.11 
Urinary Nitrogen          
 g/d 9.99 8.97 0.56 0.23  9.27 8.23 0.68 0.15 
 % intake 53.7 53.3 2.37 0.90  53.7 40.8 3.52 0.02 
Faecal Nitrogen          
 g/d 6.41 5.22 0.46 0.67  4.91 6.03 0.54 0.17 
 % intake 32.8 31.0 1.41 0.37  27.1 28.9 1.67 0.47 
Nitrogen retention          
 g/d 2.59 2.53 0.43 0.92  3. 34 6.13 0.49 0.01 
 % intake 13.5 15.6 2.51 0.53  19.2 30.3 2.94 0.02 
Digestibility (%)          
 DMD 63.2 65.0 1.32 0.33  66.5 68.3 1.79 0.48 
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 Adjustment  Pregnancy 
 Control H57 s.e.m P  Control H57 s.e.m P 
 OMD 67.6 69.3 1.23 0.32  69.6 70.8 1.66 0.62 
 NDFD 44.7 45.8 2.59 0.61  45.7 47.0 3.22 0.78 
 CPD 67.2 68.8 1.41 0.42  72.7 71.1 1.63 0.48 
DMD: dry matter digestibility; OMD: organic matter digestibility; NDFD: neutral detergent digestibility; CPD: crude protein digestibility 
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2.4.4 Rumen fermentation 
During the adjustment period in pregnancy, on day -58, rumen fermentation 
parameters were similar across the planned treatment groups. But when tested on day -
21, 36 days after treatments began, the rumen pH in the H57-fed ewes tended to be higher 
than the Control ewes (0.33 pH units, P = 0.07, Table 2.5), the concentration of ammonia 
in the rumen was approximately half that of Control ewes (P = 0.008), and total VFAs 
concentration was 34% lower than in the Control ewes (P = 0.02). Acetate and butyrate 
concentrations were similar in both treatment groups, but the H57-fed ewes had 30% lower 
propionate (P = 0.02) and 47% higher valerate (P = 0.01) concentrations in their rumen 
fluid. The ratio of acetate to propionate was 21% higher in the H57-fed ewes compared to 
the Control ewes (P = 0.04). On day 52 postpartum, where the ewes were fed 100% chaff 
diets supplemented with 100g/d sorghum grain with or without H57 spores, there were no 
differences in rumen fermentation products or rumen pH between the H57-fed ewes 
compared to the Control ewes. 
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Table 2-5 Effect of supplementation with Bacillus amyloliqiuefaciens strain H57 on rumen fermentation in pregnant and lactating ewes 
 Adjustment  Pregnancy  Lactation 
 Control H57 s.e.m P  Control H57 s.e.m P  Control H57 s.e.m P 
Rumen pH 6.98 6.84 0.10 0.38  6.79 7.11 0.1 0.07  7.08 7.07 0.1 0.95 
Ammonia (mg/L) 120 101 14.6 0.35  147 69 19.5 0.008 
 125 113 11.8 0.71 
Total VFAs (mmol/L) 59.8 71.4 7.66 0.28  61.4 40.5 5.9 0.02  68.9 77 6.1 0.12 
Molar VFAs (% total)               
 Acetate 32.3 38.93 3.86 0.23  59.2 60.9 1.8 0.46  79.4 79.8 0.6 0.90 
 Propionate 18.6 21.51 2.86 0.48  23.8 18.2 1.5 0.02  11.3 10.7 0.6 0.77 
 n-Butyrate 0.66 0.61 0.05 0.50  14.2 17.2 1.3 0.09  5.56 5.85 0.3 0.37 
 Iso-Butyrate 6.91 9.17 1.32 0.23  0.98 0.87 0.2 0.75  1.5 1.43 0.1 0.58 
 Iso-Valerate 0.67 0.57 0.10 0.45  1.06 1.12 0.1 0.87  1.75 1.68 0.1 0.69 
 n-Valerate 0.62 0.66 0.16 0.85  0.81 1.54 0.1 0.01  0.56 0.5 0.1 0.43 
 A/P ratio 1.87 1.93 0.15 0.77  2.7 3.4 0.1 0.04  7.41 7.58 6.2 0.82 
VFAs: volatile fatty acids; A/P ratio: acetate/propionate ratio 
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Discussion 
H57 inoculated feed pellets improved the feeding value of a PKM-based diet. The 
labor saving consequence of probiotic addition in the pellet during the manufacturing stage, 
afforded by the spore forming capacity of H57, also represents a valuable advance on 
current practice whereby probiotics are commonly added daily. This study is one of the few 
that have tested and shown a benefit of probiotics supplementation in older rather than pre-
weaned ruminants. During late pregnancy, the H57-fed ewes consumed 16.6% more 
pellets, retained 45% more nitrogen when estimated between 39 and 26 days prior to 
parturition, and were 17% heavier by parturition. The current study not only corroborated the 
potential for an improvement in nitrogen balance, as found by Norton et al. (2008), but 
highlighted a greater efficiency in the use of nitrogen. Moreover, H57 can also improve 
completely different types of diets. In the current study, H57 improved the feeding value of 
a concentrate pellet based on PKM and sorghum grain. By contrast, Norton et al (2008) fed 
only a hay diet, and only over a few weeks. The current study also shows that the benefit of 
H57 can persist over a relatively long period, at least over the last third of pregnancy and 
possibly into early lactation. These are the first reports of a benefit in ruminants from the 
probiotic H57. 
 Unfortunately, the testing of the H57 during lactation was compromised due to the 
development of an unexpected copper toxicity in both treatment groups plus an accidental 
feeding of the Control ewes with the H57 supplement in early lactation. Focusing now on 
the background diet rather than the H57 outcomes, in retrospect, the experiment was over-
ambitious in that the H57 was tested against a relatively novel background diet. It would 
have been easier to have used a standard commercial pellet but in using the PKM-rich pellet, 
valuable background data was gained for future studies on how to incorporate PKM into 
ruminant diets. A salient lesson for example was not to use PKM in sheep diets. However, 
it still holds great potential for use in cattle diets. One ewe died in the week after parturition 
and subsequent blood and liver tissue biopsy confirmed a copper toxicity. The plasma 
copper from all ewes was in the upper marginal band (20-25 mmol/L) indicating chronic 
copper toxicity (Underwood and Suttle 1999), the details of which will be reported in a 
subsequent paper. The risk of copper toxicity in sheep fed PKM has been documented 
(Alimon et al. 2011). However, we had expected that the level of inclusion of PKM in the diet 
would have mitigated the risk, given that dietary copper level in our pellets was estimated at 
12.5 mg/kg DM. Unfortunately, the exceptional sensitivity of sheep prevailed, compared to 
more tolerant ruminants such as cattle (Suttle 2010). In addition, the diets were accidentally 
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swapped for a week, seven days after parturition. The swap plus chronic copper toxicity 
likely negated any advantages that the probiotic H57 could have conferred in lactation. 
However, the lamb growth response in those first three weeks may be due to an immediate 
effect of the probiotic in the lactating ewes, or a carry-over effect consequential to the extra 
maternal weight gain in the H57-fed ewes advantaging milk production (not measured) in 
the ewes. Such a possibility should be investigated in future studies. Because of the 
accidental swap, we focus the discussion and conclusions of the benefits of H57 on the late 
pregnant period. 
We found DMI responses to the H57 in older ruminants, whereas previous studies 
indicate DMI responses to probiotics are more likely in pre-weaned ruminants. Kowalski et 
al. (2009) reported a 13% increase in starter intake in pre-weaned calves that had spores of 
Bacillus licheniformis and Bacillus subtilis added to their feed daily. Similarly, pre-weaned 
calves supplemented with Lactobacillus increased DMI by 29% (Frizzo et al. 2010b). Not all 
studies on pre-weaned calves show a positive improvement in DMI (Timmerman et al. 2005; 
Mokhber-Dezfouli M.R. 2007; Jatkauskas and Vrotniakiene 2010; Riddell et al. 2010) but all 
previous studies that we are aware of in weaned older ruminants found no effect on DMI 
(Garza‐Cázares et al. 2001; Kumagai et al. 2004; Raeth-Knight et al. 2007; Malik and Bandla 
2010; Qiao et al. 2010; Peng et al. 2012). If H57 can show benefits in reproducing ewes, 
further evaluation in weaned and more mature ruminants is warranted. 
Consistent with the improvement in DMI in pregnancy, H57 stimulated a greater 
DWG. By removing weight gain due to the gravid uterus (about 11 kg for singleton-bearing 
ewes (Freer 2007)), the H57-fed ewes were estimated to deposit approximately 5 kg of 
maternal tissue whereas the Control ewes lost in the order of 4.3 kg, before parturition. 
Gravid uterus weight is likely to be similar between treatment groups since treatment had 
no effect on lamb birth weight. Others have also shown improvements in DWG, although not 
necessarily related to DMI responses, indicative of improved feed conversion efficiency, but 
the improvements were mainly found in pre-weaned cattle (Timmerman et al. 2005; Adams 
et al. 2008; Sun et al. 2010a). 
The ewes in the current study were relatively immature having been mated when they 
were between 10 and 18 months of age. Hence all ewes in the current study had the demand 
for nutrients for growth of their own maternal tissue in addition to the demand of the gravid 
uterus. Therefore, during early lactation the H57-fed ewes had more maternal reserves to 
mobilize to better overcome the expected delayed improvement of DMI in the transition 
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period of the first three weeks of lactation, and thereby to improve the potential for milk 
production. The potential for more milk is consistent with the higher growth rate observed in 
the H57 lambs during the first three weeks of life. Others have also noted probiotics 
improved milk yield and quality, in lactating ewes and cows, due to probiotics, without a 
concomitant improvement in DMI (Kritas et al. 2006; Qiao et al. 2010). The higher growth 
rate of H57 lambs in our study was similar to the results of Thompson et al. (2011) who 
found that the growth rate of pre-weaned lambs was affected by DWG during late pregnancy 
of ewes. Although the better growth of the H57 lambs in first three weeks of life did not 
translate to heavier lambs at weaning, the result could mean more lambs per ewe at weaning 
in a commercial flock. A lamb that is well fed in the first few weeks of life will have a greater 
chance of survival, the first weeks of life being the time where lamb mortality is greatest 
(Hinch and Brien 2014). 
Consistent with the argument that maternal tissue growth was enhanced by H57 in 
late pregnancy, the BCS of the H57-fed ewes was 0.39 units better than the Control ewes 
at parturition. The BCS is positively related to both fat and muscle reserves in a ewe. We 
propose that this difference in BCS is mainly due to a difference in muscle, as supported by 
the nitrogen balance data. 
The H57-fed ewes retained more nitrogen during pregnancy. Given DMI was 
enhanced throughout late pregnancy, it is reasonable to expect that an important component 
of this improvement was a greater intake of nitrogen. During the nitrogen balance period, a 
DMI response was not detected, perhaps not surprising given that intake is commonly 
reduced in stressful situations and the move from the pens to metabolism crates likely 
stressed the ewes (Van Soet 1994). Despite that, an improvement in the efficiency of 
nitrogen utilization was still evident. The H57-fed ewes retained more nitrogen per unit of 
nitrogen digested. Others have also reported improvements in retention but not necessarily 
in net efficiency (Norton et al. 2008; Khalid et al. 2011). The improved efficiency of use may 
be due to a greater flow of microbial and/or rumen escape protein resulting in an improved 
quality of amino acid absorbed or it may be that a lesser proportion of absorbed or mobilized 
amino acids was degraded to produce energy or glucose.  
The digestibility of nitrogen and other feed components including DM, OM and NDF 
in late pregnant ewes were similar between treatment groups. Kumagai et al. (2004) and 
Masucci et al. (2011) also found no difference in digestibility due to the addition of a probiotic 
mixture of Lactobacilli, Bacilli, Streptococci, Saccharomyceteae, and Candidae or a single 
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probiotic of Enterococcus faecium. In contrast, others found that a supplement of a mixture 
of Lactobacillus or Bacillus probiotic increased fibre digestibility (Galina et al. 2009; Qiao 
et al. 2010; Khalid et al. 2011). The higher DMI of the H57-fed ewes may have masked any 
effect of H57 on digestibility since a faster rate of passage of a given diet consequent on 
increased DMI is likely to limit opportunity for digestion, especially in the reticulo-rumen (Van 
Soet 1994). 
Despite no effect on digestibility, the rumen environment was modified during late 
pregnancy, after 35 days of exposure to H57. Rumen pH tended to be higher in the H57-fed 
ewes (P = 0.07), and total VFAs and ammonia concentrations were lower (P = 0.02). The 
improvement of rumen pH of ruminants fed on high concentrate diets is often a targeted 
effect of probiotics (Chaucheyras-Durand et al. 2008; Chaucheyras-Durand et al. 2012). 
Stabilization of the rumen pH is considered to be a primary mechanism by which probiotics 
can improve the balance of the rumen microbial community to improve nutrient output from 
the rumen to the ruminant host. Sun et al. (2010) found that the addition of Bacillus subtilis 
to pre-weaned calves reduced VFAs and ammonia concentrations and suggested this was 
a consequence of a greater absorptive capacity of the rumen as evidenced by a greater 
surface area of rumen papillae. Papillae surface area could not be measured in the current 
study but should be considered in future studies. Despite being lower, the concentration of 
ammonia in the H57 group remained in the optimal range of 60 - 80 mg/L for the activity of 
rumen flora, although the total VFAs concentration was lower than expected (40 compared 
to 61 mmol/L in the Control ewes). The high concentration of rumen ammonia in the Control 
group may have enhanced ammonia absorption from the rumen to the blood to account for 
the increased urinal nitrogen excretion observed. Despite the effect of H57 on ruminal 
fermentation, the low concentration of total VFAs in both treatment groups (a normal range: 
70-130 mmol/L (Dijkstra et al. 2005)) could be a consequence of the relatively low 
digestibility of organic matter in the PKM component of the diet (Chanjula et al. 2010) or a 
consequence of sampling time being too distant from feeding time when the production of 
VFAs is lowest (Pitt and Pell 1997). 
Concentrations of individual VFAs in pregnant ewes were also affected by H57. 
Lower propionate and consequently an increased ratio of A/P was recorded in the H57 
group. By contrast, supplementation with similar probiotics such as Bacillus subtilis 
decreased the A/P ratio in lactating cows (Peng et al. 2012) and weaned calves (Sun et al. 
2011). Valerate and butyrate are preferentially metabolized in the epithelium of the rumen, 
therefore higher concentrations of these acids can stimulate the development of rumen 
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papillae (Kristensen et al. 1998; Shen et al. 2005). In our study, the H57-fed ewes had 1.9 
times more valerate in their rumen fluid (P = 0.01) and tended to have higher butyrate 
concentrations (P = 0.09). The higher concentration of these VFAs could have promoted a 
greater ruminal absorptive capacity and thereby explains the lower total VFAs level in the 
H57-fed ewes. 
Conclusion 
The probiotic Bacillus amyloliquefaciens, strain H57 can improve DMI and maternal 
DWG in late pregnancy of first-parity ewes fed a diet based on PKM and potentially improve 
subsequent lactation to advantage lamb growth in the first few weeks of life. 
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Abstract 
A spore-forming probiotic, Bacillus amyloliquefaciens strain H57 (H57), was 
administered to dairy calves in starter pellets to determine effects on DWG, feed 
conversion efficiency and animal health under summer feeding conditions, without 
antibiotics. Twenty-four male and female calves were allocated into two groups and from 
4 weeks of age individually offered 6 L/d of whole milk and ad libitum starter pellets 
impregnated with H57 (3.16 x 108 cfu per kg DM) or without (Control) until 12 weeks of 
age. The calves were housed in a non-air-conditioned animal house, with deep-straw 
bedding over concrete, under typically challenging sub-tropical summer conditions. After 
week 12, the calves were released into a grazing paddock as one group and were 
supplemented ad libitum with control pellets and hay, until 19 weeks of age. From weeks 
4-12, liveweight and DMI were measured weekly and health status was monitored daily. 
Rumen fluid and blood were collected at weeks 4 and 12, and to test for persistence after 
cessation of feeding H57, each were measured again at week 19. From weeks 4-12, the 
H57-fed calves grew faster (767 vs 551 g/d, P = 0.01), tended to consume more pellets 
(1526 vs 1309 g DM/d, P = 0.07) and were 19% more feed efficient (2.5 vs 2.9 kg milk + 
starter DM/kg weight gain, P = 0.01) compared to the Control calves. The duration of 
diarrhoea was 2 days less in the H57-fed calves compared to the Control (2.93 vs 0.95 d, 
P = 0.01). The H57-fed calves weaned 9 days earlier (P = 0.02) and were heavier at week 
19 (155 vs 139 kg, P = 0.03) than the Control calves. The only effect of H57 on rumen 
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volatile fatty acid concentrations was an elevation in valerate at week 12 (4.10 vs 2.47 
mmol/L, P = 0.03). Plasma β-hydroxy butyrate was also elevated in the H57-fed calves 
at week 19 (0.24 vs 0.20 mmol/L), indicating the potential of H57 to improve rumen 
development. H57 can be used to improve the nutritional performance and reduce the 
risk of diarrhoea in dairy calves as they transition from milk to dry feed. 
Keywords: Dairy calves, Probiotic, Feed conversion, Diarrhoea, Growth 
Introduction 
The rapid colonization of commensal microflora in the digestive tract of newborn 
ruminants is an important factor affecting animal health and lifetime productivity. In 
healthy animals, microflora colonize the digestive tract and develop a symbiotic 
relationship with the host. However, in intensive dairy farming, due to early separation 
from the mother, dairy calves are susceptible to enteric microbial imbalance (Basham and 
Halliday 2011). As a result, digestive disorders such as diarrhoea commonly occur during 
early life and can limit the digestion and absorption of nutrients and consequent growth 
rate. To decrease diarrhoea incidence and improve the growth rate of pre-weaned calves, 
antibiotics are commonly used as feed additives (Quigley et al. 1997; Berge et al. 2005). 
However, antibiotic residues in animal products and a fear of cross-resistance with human 
pathogens has led, in some production systems worldwide, to the ban of antibiotics in 
animal nutrition (Oliver et al. 2011). Consequently, other feed additives such as enzymes, 
prebiotics and particularly probiotics are now being widely examined as alternatives 
(Jouany and Morgavi 2007). 
Probiotics are commonly fed to ruminants during stress periods such as weaning and 
parturition, but the results are inconsistent. In pre-weaned calves, supplementation with 
probiotics can improve growth rate and health status (Kowalski et al. 2009; Frizzo et al. 
2010b; Sun et al. 2010a), while others have reported no differences in DMI, growth 
performance or incidence of diarrhoea (Garza‐Cázares et al. 2001; Quintero-Gozalez et 
al. 2003; Kumagai et al. 2004; Bakhshi et al. 2006; Galina et al. 2009; Riddell et al. 2010). 
The effectiveness of probiotics appears to depend on the type of probiotics used (Malik 
and Bandla 2010).  
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Common probiotics in ruminants including Lactobacillus, Enterococcus, Bacillus 
and Propionibacteria (Chaucheyras and Durand 2010). Among these probiotics, Bacillus 
is more attractive due to its spore forming ability and ability that enables it to survive in 
the pelleting process and in feed storage. Bacillus subtilis and Bacillus licheniformis are 
common probiotics used for ruminants which can increase digestibility, stimulate rumen 
development or improve immunity. The effect of similar probiotic Bacillus 
amyloliquefaciens on ruminant performance is very limited, though they have been used 
in the industry to produce enzymes such as amylase and protease (Hsieh and Kao 2010). 
In previous studies at the University of Queensland, Bacillus amyloliquefaciens strain H57 
(H57) had been used to inhibit spoilage of preserved hay and improved DMI and 
liveweight of pregnant ewes fed high quality hay (Norton et al. 2008). More recently, H57 
added to pellets based on palm kernel meal increased DMI and DWG of reproducing 
ewes and the early growth rate of their lambs (Le et al. 2014). The objective of the current 
experiment was to evaluate the effect of H57-inoculated pellets on the performance and 
health of dairy calves as they transition through weaning and the calf-rearing shed to the 
paddock. 
Materials and Methods 
3.3.1 Animals and management 
Twenty four calves (12 heifers and 12 bulls), the majority of which were purebred 
Holstein-Friesians (liveweight: 51.4 ± 5.7 kg; age: 28 ± 3 days) were selected from the 
dairy farm at the University of Queensland (UQ) Gatton Australia. Four Friesian-Jersey 
crossbred calves (two in each group) were also included. All experimental procedures 
were approved by UQ Animal Ethics Committee. 
Prior to the probiotic feeding (birth to four weeks of age) the calves were managed 
under normal farm practice. Calves were separated from their dam within 24h of birth, fed 
4 L/d of colostrum by artificial teat twice daily for the first two days, in individual pens and 
then moved to group pens holding 10 - 15 calves and fed whole milk by a robotic milk 
feeder (maximum five feeding times/day and maximum 2 L each time) and ad libitum 
pellets that were antibiotic free by a robotic concentrate feeder. 
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During an adjustment period, from three to four weeks of age, calves were moved 
to individual pens separated by a solid plastic panel (2.2m length x 1.6m width x 1.2m 
height) to prevent calves from licking, but still can see each other and thereby potentially 
cross-contaminating with the probiotic. Due to the variation in birth date and to enable all 
calves to start on the ± H57 supplementation at approximately the same age, of 4 weeks 
of age, calves were blocked into three cohorts of eight calves such that the calves in each 
cohort ranged in birth date by no more than 6 days. Within cohorts, calves were paired 
on the basis of same sex and then randomly allocated to ± H57 treatment. The H57 
treatment calves were supplemented with H57 pre-inoculated pellets confirmed by a 
spore count prior to feeding to contain 3.16 x 108 cfu of H57 spore /kg of pellet DM. 
From four to 12 weeks of age the calves were offered individually the +/- H57 
pellets ad libitum and 6 L per day of whole milk in two equal feeds at approximately 7.00 
and 16.00 each day. They also had free access to water. Fresh straw was added daily to 
a deep bedding of cereal straw, over concrete, which was completely replaced twice a 
week. The bedding also served as a feed resource for the calves, the intake of which was 
not monitored. Calves were weaned individually once each reached a liveweight of 70 kg 
and a pellet intake of 700 g/d for three consecutive days. When calves had reached these 
criteria, the afternoon milk was withdrawn for three days and then all milk was withdrawn. 
Weaning age was recorded on the day that milk was completely withdrawn. After 
weaning, calves continued to be fed ad libitum pellets until 12 weeks of age, in the calf 
shed. 
From weeks 4 to 12, calves were checked twice daily for any signs of abnormal 
health such as loss of appetite, diarrhoea, infections in joints or navel, and respiratory 
problems such as nasal discharge and cough. All health treatments were administered 
according to the advice of a Queensland registered veterinarian. Calves were treated for 
diarrhoea when it persisted for longer than two days and for infection when they had an 
elevated rectal temperature, lethargy, and reduction in appetite. Electrolytes mixed in 2L 
of warm water (Vytrate® Duo Sachets, Jurox Pty Ltd, Rutherford NSW Australia) were 
given to calves with diarrhoea three times a day until the faeces firmed. Milk was withheld 
when electrolytes were administered to the calves. Faeces from the two most severely 
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affected calves (watery faeces with blood) in each group were sent to the laboratory 
(Veterinary School, UQ Gatton, Queensland, Australia) to test for pathogens (Salmonella, 
Escherichia coli, Clostridium). For infections, Key injection (Ketoprofen 100mg/ml; Ceva 
Animal Health Pty Ltd Glenorie NSW Australia; 3mg/kg liveweight for 3 consecutive days) 
and Engemycin 100 (Oxytetracycline hydrochloride 100mg/ml; Intervet Australia Pty Ltd, 
Bendigo East VIC Australia; 8mg/kg liveweight for 3 consecutive days) were administered 
according to manufacturer’s instructions. During weeks 13-19 all calves were moved to a 
grazing paddock where they were kept as a single group and supplemented ad libitum 
with control pellets and mixed hay comprising tropical grass and lucerne (approximately 
60:40).  
3.3.2 Preparation of starter pellets  
The pelleted feed was prepared at the Ridley Agriproducts Pty Ltd production 
facility (Toowoomba, Queensland, Australia) with the control pellets prepared before the 
H57 inoculated pellets. The H57 inoculum was prepared in a 100 L fermenter at the 
University of Queensland and the bacterial cells mainly spores subsequently separated 
in a Sharples Centrifuge AS26 20.000 g (Sharples Separator Works, West Chester, 
Pennsylvania, USA), the pellet was re-suspended and mixed with bentonite carrier sieved 
to 150µ, frozen at -20oC and freeze-dried. The material was then ground to a powder in 
a mortar and pestle and mixed progressively with 200 kg of finely-ground sorghum (< 
1mm particle size). The bentonite-based inoculum contained 3 x 1013 spores/gram and 
was added at a rate to provide 106 spores/gram of pelleted feed in the batch mix of two 
tonnes. The pellet mix was steamed and compressed into pellets, cooled and distributed 
into 25 kg plastic bags. The H57 population level in the pellets remained viable and 
constant at 108 cfu/kg DM pellets throughout the study confirmed by the colony counting 
method of two sub-samples per treatment per month throughout the experiment. The 
bagged feed was stored at 12oC and enough feed removed to ambient conditions (20 to 
38oC) a week prior to feeding. The ingredients and composition of pellets are shown in 
Table 3.1. 
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Table 3-1 Ingredients and the chemical composition of the starter pellets 
 
 Control Pellets H57 Pellets 
Ingredients (g/kg DM)   
 wheat grain 113 113 
 Sorghum grain 558 558 
 Canola meal 170 170 
 Soybean meal 136 136 
 Legume hulls 90 90 
 Molasses 34 34 
 Limestone 17 17 
 Nitrate salt 6 6 
 Calcium chloride 6 6 
 Premix* 2 2 
 Probiotic H57 (cfu/kg DM) - 3.16 x 108 
Compositions (%)   
 Metabolisable energy (MJ/kg DM) 14.0 13.9 
 Dry matter 89.3 89.1 
 Crude protein  19.2 19.0 
 Neutral detergent fiber 10.7 11.3 
 Acid detergent fiber  7.40 7.85 
 Total digestible nutrients  85.3 85.0 
 Starch  42.4 43.0 
 Lignin  2.00 1.90 
 Ash  6.85 7.00 
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*Premix (mg/kg): Iron, 7500; Zinc, 25000; Manganese, 1000; Selenium, 50; Molybdenum, 500; Cobalt, 500; 
Iodine. 500; Vitamin A, 3000 IU/g; Vitamin D3, 250 IU/g; Vitamin E, 2500 
3.3.3 Measurements 
From weeks 4 to 12, the intake of pellets by the calves was recorded weekly and 
divided by 7 to express it on a per day basis. An amount of pellets estimated to cover the 
week’s use was weighed into a separate bin for each calf from which fresh pellets were 
supplied daily to each calf at 7.00 after removing the residues from the previous days 
feed. Residues were stored and weighed weekly. Samples of pellets were collected 
weekly and stored at -200C for later analysis. At the end of the probiotics supplement 
phase, weekly pellet samples were bulked and mixed thoroughly and two subsamples 
from each group were taken for analysis of chemical composition by Feed Central Pty Ltd 
using standard wet chemistry procedures (Charlton, Queensland, Australia) (Table 3.1). 
Milk intake was measured daily. Milk refusals were collected and measured after 30 
minutes of feeding. Milk (metabolisable energy: 22.0 MJ/ kg DM, and crude protein: 
3.15%, as fed) was taken directly from the milking system at the Gatton dairy to feed to 
the calves.  
Calves were weighed weekly and the daily weight gain (DWG) of each calf was 
calculated by regressing each set of weights, across the period from weeks 4 to 12, 
against the age of the calf, in days, so that the slope of the line indicated DWG in g/d in 
that period. Post-supplement DWG from week 13 to 19 was calculated as (final weight – 
initial weight) / number of days. Incidence of diarrhoea over the 8 week period of 
supplementation was determined, on an individual calf basis, in three ways: total days of 
 Calcium  1.01 1.10 
 Magnesium  0.20 0.21 
 Phosphorus  0.41 0.41 
 Sulfur  0.27 0.27 
 Sodium  0.19 0.19 
 Calcium  1.01 1.10 
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diarrhoea; total cases of diarrhoea; and average duration of diarrhoea, calculated as total 
days of diarrhoea divided by total new cases of diarrhoea.  
Blood samples were collected 5h after the morning feeding from jugular vein into 
heparinized tubes at weeks 4, 12 and 19. The blood samples were centrifuged at 1178 g 
for 10 minutes at 4oC (Beckman J6-MI, Beckman Coulter, California USA) within 30 
minutes of collection to separate the plasma and blood cells. Plasma metabolites were 
analyzed using an Olympus AU400 auto-analyzer (Beckman Coulter Diagnostic Systems 
Division; Melville, NY, USA), following the manufacturer’s guidelines. 
Rumen samples were collected at weeks 4, 12 and 19, 4h after morning feeding 
using a stomach tube. Rumen pH was measured immediately after collection using a 
portable pH metre (Elmetron IP67, Wincentego Witosa 10, Zabrze, Poland), then two sub-
samples of rumen fluid were collected, 4ml (+ 1 mL of 20% metaphosphoric acid) for 
volatile fatty acids (VFAs) analysis, and 8 mL (+ 20% sulphuric acid) for ammonia (NH3) 
analysis. Volatile fatty acid concentrations in rumen liquor were measured using the 
method described by (Cottyn and Boucque 1968) and (Playne 1985) using a gas 
chromatograph (Shimadzu GC2010) fitted with a polar capillary column (ZB-
FFAP, Phenomenex, Lane Cove, NSW, Australia). The ruminal ammonia concentration 
was determined by distillation using a Buchi 321 distillation unit (Flawill, St. Gallen, 
Switzerland) using the manufacturer’s guidelines.  
3.3.4 Statistical analysis 
The data was analyzed using a General Linear Model (GLM) analysis in 
STATISTICA 8.0 (2008) Statsoft (Weiß 2007). The model included treatment, animal sex 
and the interaction between treatment and animal sex as fixed effects, and calves within 
treatment and the pair of calves within cohorts as random effects. The model for DMI and 
liveweight change included time of measurement as a repeated factor within each calf, 
the initial liveweight of the calves as a covariate, treatment, time and the interaction 
between treatment and time as fixed effects, and calves within treatment and the pair of 
calves within cohorts as random effects. Differences between treatment means were 
tested for significance at the level of P < 0.05 using Tukey HSD. All means were 
expressed as least square mean and standard errors (SE). 
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Results 
3.4.1 Liveweight and daily weight gain  
The initial liveweight at 4 weeks of age was similar between the two treatment 
groups and the positive effect of H57 on liveweight became steadily more obvious as the 
calves progressed to 12 weeks of age (Figure 3.1). During the supplement period, H57-
fed calves gained 40% more liveweight (12.4 kg) and grew 39.6% faster than the Control 
calves (P = 0.03; Table 3.2). Post-supplement, from 13 to 19 weeks of age, the liveweight 
of the H57-fed calves continued to exceed that of the Control calves (P = 0.06) so that by 
19 weeks of age they were 15.8% (13kg) heavier (P = 0.04). 
Table 3-2 Effect of Bacillus amyloliquefaciens H57 on growth performance of dairy 
calves 
 Control H57 SE P  
Supplement period (week 4-12)     
 Liveweight gain (kg) 31.2 43.8 3.31 0.02 
 Daily weight gain (g/d) 556 776 64.9 0.03 
 Milk intake (g DM/d) 706 616 42.6 0.16 
 Pellet intake (g DM/d) 740 1013 112 0.07 
 Total DMI of milk and pellets (g/d) 1446 1629 79.5 0.07 
 FCE (kg DMI/kg gain) 2.90 2.43 0.11 0.01 
 Weaning age (days) 71 62 2.19 0.02 
 The cases of diarrhoea 1.75 0.42 0.43 0.44 
 Duration of diarrhoea 2.93 0.95 0.44 0.01 
 Total days of diarrhoea 5.83 1.39 0.99 0.006 
 Total days of diarrhoea treatment 2.33 0.25 0.40 0.002 
Post-supplement period (week 12-19)     
 Liveweight gain (kg) 57.1 60.7 2.07 0.25 
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 Control H57 SE P  
 Daily weight gain (g/d) 1166 1239 42.3 0.25 
FCE: feed conversion efficiency; DM: dry matter; SE: standard error of mean; g/d: grams/day 
 
Figure 3-1 Liveweight change of the Control and the Bacillus amyloliquefaciens strain 
H57-fed calves  
(Control calves: Dash line, H57-fed calves: Solid line, error bars are s.e.m; *P<0.05) 
3.4.2 Diarrhoea 
The H57 reduced the risk of diarrhoea, with the cases of diarrhoea in the H57-fed 
calves being 1.33 times less than the Control calves (P = 0.04, Table 3.2). The average 
duration of diarrhoea was 2 days less in the H57 calves than in the Control calves (P = 
0.01). The total days of diarrhoea was approximately 4.5 days less in the H57 treated 
calves compared with the Control calves (P = 0.006). 
3.4.3 Days to wean 
The addition of H57 to starter pellets advanced the weaning age by nine days 
compared to the Control calves (P = 0.02, Table 3.2). By 12 weeks of age, all of the H57-
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fed calves were weaned. However, two (17 %) of the Control calves had not yet reached 
the weaning criteria. These two calves were weaned at 12 weeks to expedite movement 
of the entire group to the paddock. Subsequent liveweight gain to week 19 of these last 
two calves showed that they were not disadvantaged by not reaching the weaning criteria. 
3.4.4 Feed intake and feed conversion efficiency 
From weeks 4 to 12, the average daily milk intake was similar for the H57 and 
Control calves, but pellet intake tended to be higher for the H57-fed calves (P = 0.07, 
Table 3.2). Feed conversion efficiency (FCE), calculated as kilograms of milk plus starter 
pellet DMI per kilogram of weight gain, improved by 19.3% in the H57-fed calves (P = 
0.01). The H57-fed calves consumed approximately 0.47 kg less DMI per kilogram of 
weight gain than the Control calves. 
3.4.5 Rumen fluid parameters 
Pre-supplement rumen characteristics were similar between the two groups (Table 
3. 3). At 12 weeks of age, ruminal pH, ammonia and total VFA concentrations were similar 
between treatment groups. However the concentration of valerate in the H57 group 
increased by 64% (P = 0.03) and the concentration of butyrate tended to increase (P = 
0.08) compared to the Control calves, at 12 weeks of age. At 19 weeks of age, seven 
weeks after cessation of the H57 supplement, the rumen fermentation characteristics 
between the two groups were similar.  
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Table 3-3 Effect of Bacillus amyloliquefaciens strain H57 on rumen fluid characteristics of dairy calves 
 Pre-supplement (week 4)  Supplement (week 12)  Post-supplement (week 19) 
 C H57 SE P   C H57 SE P   C H57 SE P  
pH 5.7 5.8 0.1 0.98  5.6  5.4  0.2 0.10  6.3  6.5  0.1 0.33 
NH3 (mg/L) 298 283 25.7 0.86  74  82  14.2 0.85  120  102  11.6 0.49 
Total VFAs 
(mmol/L) 50 54 4.0 0.9 
 108  119  11.7 0.44  87  81  7.6 0.58 
Molar VFAs (mmol/L)             
Acetate  22.9 23.3 1.5 0.79  48.1  46.8  5.3 0.51  52.3  51.7  2.7 0.51 
Propionate 13.8 18.7 1.9 0.61  39.9  38.6  5.9 0.44  33.9  33.5  3.7 0.32 
Iso-butyrate  0.7 0.8 0.1 0.32  1.5  1.3  0.1 0.39  2.1  2.2  0.1 0.65 
Butyrate  8.1 6.9 0.8 0.30  7.4  8.6 0.8 0.08  8.2  8.6  1.3 0.82 
Iso-valerate  1.3 1.4 0.2 0.80  0.6  0.6  0.1 0.83  0.8  0.9  0.1 0.89 
Valerate  3.4 3.1 0.5 0.45  2.47  4.10  0.3 0.03  2.7  3.0  0.5 0.55 
A/P ratio 1.9 1.4 0.2 0.61  1.4  1.3  0.5 0.52  1.8  1.8  0.2 0.38 
A/P; Acetate/Propionate; VFAs: volatile fatty acids; SE: standard error of mean; C: Control
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3.4.6 Plasma parameters 
There was no difference between the two groups in plasma biochemistry in the pre-
supplement period (Table 3.4). At 12 weeks of age, the plasma biochemistry values were 
similar between the H57 and Control group for most of the parameters except for lower 
gamma glutamyl transferase (GGT), and higher globulin and triglyceride concentrations in 
the H57 group (P = 0.06). In the post-supplement period, for the H57 treatment, GGT 
remained lower and plasma β-hydroxybutyric acid (BHBA) and cholesterol became 
elevated, whilst globulin and triglyceride concentrations became similar. 
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Table 3-4 Effect of Bacillus amyloliquefaciens strain H57 on plasma biochemistry of dairy calves 
 Pre-supplement (week 4)  Supplement (week 12)  Post-supplement (week 19) 
 Control H57 SE P  Control H57 SE P  Control H57 SE P 
CPK (U/L) 160 172 11.8 0.61  122 99 9.50 0.10  151 154 8.75 0.98 
AST (U/L) 37.7 35.6 2.78 0.71  53.7 46.7 5.89 0.34  63.1 63.4 2.84 0.99 
GGT (U/L) 37.4 47.6 2.94 0.07  18.5 16.1 1.56 0.06  14.6 13.3 0.40 0.01 
ALP (U/L) 145 163 25.5 0.38  233 238 31.8 0.84  217 237 16.2 0.61 
GLDH (U/L) 22.9 32.8 3.24 0.84  47.0 32.3 9.50 0.17  25.8 27.3 3.82 0.49 
Glucose (mmol/L) 5.03 5.01 0.24 0.94  5.51 5.33 0.26 0.63  5.46 5.70 0.16 0.32 
NEFA (mmol/L) 0.23 0.21 0.04 0.66  0.09 0.08 0.01 0.71  0.12 0.10 0.03 0.65 
Triglyceride 
(mmol/L) 0.33 0.39 0.08 0.65  0.44 0.30 0.04 0.01  0.26 0.23 0.02 0.29 
ΒHBA (mmol/L) 0.13 0.11 0.01 0.30  0.24 0.29 0.03 0.22  0.20 0.24 0.01 0.03 
Cholesterol 
(mmol/L) 2.23 2.31 0.34 0.86  1.78 1.72 0.20 0.87  1.33 1.62 0.10 0.05 
Urea (mmol/L) 3.79 3.57 0.27 0.60  2.73 2.48 0.17 0.31  4.28 4.20 0.23 0.87 
Creatinine 
(µmol/L) 80.9 81.1 3.26 0.97  65.5 62.9 3.90 0.63  62.2 62.6 1.91 0.85 
Globulin (g/L) 25.0 26.4 1.28 0.60  24.9 29.9 2.16 0.05  30.2 30.1 0.53 0.35 
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 Pre-supplement (week 4)  Supplement (week 12)  Post-supplement (week 19) 
 Control H57 SE P  Control H57 SE P  Control H57 SE P 
Albumin (g/L) 26.9 28.2 1.00 0.92  28.2 29.3 2.47 0.75  30.7 31.8 0.48 0.28 
TP (g/L) 51.9 53.4 1.99 0.68  53.3 59.3 4.21 0.20  60.9 62.3 0.55 0.18 
CPK: Creatinine Kinase, AST: Aspartate aminotransferase, ALP: Alkaline phosphatase, GLDH: Glutamate dehydrogenase, GGT: Gamma-glutamyl Transferase, NEFA: Non-esterified 
fatty acids, BHBA: β-hydroxybutyric acid; C: Control 
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Discussion 
The probiotic H57, provided in starter pellets, reduced the risk of diarrhoea and 
improved both the growth and feed conversion efficiency of dairy calves as they progressed 
from 4 weeks of age and transitioned through weaning and from the calf-rearing shed to the 
paddock. The high incidence of diarrhoea in our experiment was associated with 
environmental heat stress, particularly during two periods of extreme weather where 
maximum temperatures ranged from 36.50C to 42.20C and temperature-humidity index (THI) 
ranged from 78.0 to 84.9. These values are well beyond the threshold (THI > 68) considered 
to induce heat stress in Holstein Friesian cows (Pryce et al. 2007; Sullivan et al. 2014). 
Environmental heat stress exacerbates the susceptibility of calves to diarrhoea (Mitchell et 
al. 1981; Cho and Yoon 2014), consistent with the relatively high incidence of diarrhoea in 
our experiment. The laboratory analysis from faecal samples of the two most severe case 
of diarrhoea in each treatment group did not detect the expected pathogens (Salmonella, 
Escherichia coli, Clostridium) or Coccidiosis. This result indicated that diarrhoea was more 
likely due to the extreme weather. Despite this condition, the H57 decreased the duration of 
diarrhoea by 2.5 days and the cases of diarrhoea by 1.32 times. The H57 increased DWG 
by 39%, improved FCE by 16.2% and reduced weaning age by 9 days compared to the 
Control calves. The advantages in DWG due to H57 were also maintained after cessation 
of probiotics from weeks 13-19, indicating a carryover advantage. The H57 supplement not 
only improved health status of young calves during the transition period but also maintained 
this potential for better long-term productivity. 
Feeding starter pellets inoculated with H57 reduced the duration and cases of 
diarrhoea. Diarrhoea is one of the most common health problems contributing to the 
incidence of mortality in young ruminants (Cho and Yoon 2014). The cases and total days 
of diarrhoea in both treatment groups were recorded during the supplement period whilst 
calves were in the animal house. A reduction of diarrhoea in pre-weaned calves due to the 
addition of probiotics was also found by Aldana et al. (2009) and Jatkauskas and 
Vrotniakiene (2010). Although a reduction in incidence of diarrhoea was recorded in these 
studies, it was not always associated with an improvement in growth performance. 
Jatkauskas and Vrotniakiene (2010) found that supplementation with Enterococcus faecium 
to Lithuanian Black-and-White newborn calves (n = 10) reduced diarrhoea incidence by 30% 
and increased DWG by 19.4%, but there was no difference in FCE. Similarly, the addition 
of a probiotic mix containing five bacteria (no specific spices reported) isolated from healthy 
adult bovines to Holstein newborn calves (n = 15) decreased diarrhoea incidence by 40%, 
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but no growth performance responses were seen (Aldana et al. 2009). The lower percentage 
of calves with diarrhoea in these studies compared to our experiment may be associated 
with cooler conditions with the temperature in the calf shed being less than 25oC. By 
contrast, Bakhshi et al. (2006) and Riddell et al. (2010) fed the probiotics Bacillus subtilis 
and Bacillus lichenformis to newborn calves with a comparable amount of ingested bacteria 
and time of supplement to the current experiment, but found no differences on growth 
performance or risk of diarrhoea. Although both studies did not provide the percentage of 
calves with diarrhoea, the duration of diarrhoea reported by Riddell et al. (2010) was similar 
to our experiment. Using a similar spore-forming probiotic for pre-weaned calves, Kowalski 
et al. (2009) also found no effect on the prevalence of diarrhoea, but an improvement in 
DWG and DMI. The difference in management with our experiment, where the H57 was 
provided in starter pellets, was that the probiotics in these studies were added to the milk 
replacer. The health benefit of probiotics for pre-weaned ruminants may therefore depend 
on the type of probiotic used, the mode of administration and the environmental conditions. 
The reduction in the incidence of diarrhoea in the H57-fed calves could be due to 
enhanced immunity. Probiotics can enhance immunity in pre-weaned calves by inducing the 
secretion of serum immunoglobulin (Sun et al. 2010a). The concentration of plasma globulin 
is associated with secretion of immunoglobulin (Klinkon and Ježek 2012) and calves with 
diarrhoea normally have lower plasma globulin concentrations than healthy calves (Thornton 
et al. 1972). Consistent with the immunity hypothesis, the level of globulin in the H57-fed 
calves at 12 weeks of age was enhanced compared to untreated calves. 
Together with the reduction in incidence of diarrhoea, DWG in the H57 group was 
39% greater than in the Control calves, resulting in a 20% higher liveweight in the H57 calves 
compared to the Control calves after 8 weeks of the H57 supplementation. The H57-fed 
calves also remained heavier than the Control calves over the seven week post-supplement 
period. This indicates that H57 had a carryover effect and that the Control calves were 
unable, at least within seven weeks, to compensate for the earlier retardation of growth rate. 
Similarly, Adams et al. (2008) found that calves treated with Propionibacterium jensenii grew 
faster over a 14 week treatment period and the benefit continued for 18 weeks after 
cessation of the probiotic. The positive effect of probiotics on liveweight change of pre-
weaned ruminants was also reported by others. Kowalski et al. (2009) found a 7 % increase 
in DWG in pre-weaned calves given two strains of Bacillus subtilis and Bacillus licheniformis 
for 8 weeks, although there was no detectable effect on FCE or incidence diarrhoea. 
Similarly, Bacillus subtilis fed to pre-weaned calves increased DWG by 13% (Sun et al. 
73 
 
2010a), but the level of the probiotic added in this experiment was much higher than our 
experiment (1010 vs 108 cfu/calf.day). The use of a probiotic mixture of Lactobacillus species 
also increased DWG in pre-weaned calves (Timmerman et al. 2005; Frizzo et al. 2010b). By 
contrast, the probiotic mix added to whole milk for 12 weeks did not affect DWG, but 
increased final liveweight (Bayatkouhsar et al. 2013). Bakhshi et al. (2006) and Riddell et al. 
(2010) also found no response in DWG when Bacillus subtilis and Bacillus licheniformis were 
given to pre-weaned calves for 8 weeks. In our experiment, the DWG in the H57 group was 
similar to the DWG recommended for rearing replacement heifers in Australia but that of the 
Control calves was sub-optimal (Basham and Halliday 2011). The DWG of young dairy 
calves is positively related to lifetime milk production (Soberon and Van Amburgh 2013). 
Therefore the improvement in early-life liveweight in the H57-fed calves could mean better 
long-term productivity. 
The improvement in liveweight due to probiotics in pre and post-weaned calves 
aligned with an improvement in FCE. Daily milk intake was similar between two treatment 
groups although the intake of starter pellets by the H57 group tended to be higher than the 
Control group. Stimulating solid DMI is a critical target in pre-weaned calves in order to wean 
them earlier and so save labor and expense. In the current experiment, by 9 weeks of age 
the H57-fed calves were consuming on average 950 g/d of pellets, an age at which weaning 
is often targeted on commercial dairy farms. This level of DMI provides sufficient nutrient for 
an acceptable growth rate post-weaning and so highlights the potential for H57 to enable a 
more efficient transition from a milk based diet to a solid feed diet and faster transition from 
the calf shed to the paddock, all of which could mean reduced cost of production of 
replacement heifers (Basham and Halliday 2011). This experiment is one of the few that 
have shown a positive response in FCE to probiotics. Sun et al. (2010a) reported a 19% 
improvement in FCE from the addition of Bacillus subtilis to pre-weaned calves. Jatkauskas 
and Vrotniakiene (2010) found a 12.9% improvement in FCE of pre and post-weaned calves. 
Most studies on probiotics for pre-weaned calves found no response in FCE but did find 
improved growth performance (Kowalski et al. 2009; Frizzo et al. 2010b).  
As a consequence of the improvement in DWG and reduction in diarrhoea in early 
life, the H57-fed calves were weaned 9 days earlier than the Control calves. It has been 
proposed that early weaning may depress subsequent growth performance and thereby 
reduce lifetime productivity (Cho and Yoon 2014). Though weaning age is an important 
factor in rearing young ruminants, it is often not measured in studies with probiotics. Our 
experiment highlights the potential for probiotics to advance weaning age as well as to 
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improve DWG post-weaning. Similarly, a supplement of Bacillus subtilis reduced weaning 
age by a week in dairy calves without affecting milk or pellet intake (Sun et al. 2010a), 
whereas Riddell et al. (2010) found no difference in weaning age a mix of Bacillus 
licheniformis and Bacillus subtilis supplement.  
The improvement in pellet intake due to H57 could be associated with enhanced 
rumen development. In young ruminants, rumen development has been related to the 
concentration of β-hydroxybutyric acid (BHBA) in plasma. BHBA has been implicated as a 
predictor of rumen development as it is the only ketone produced in the rumen epithelium 
and is produced from the rumen VFA’s butyrate and valerate (Kristensen et al. 1998) 
(Quigley et al. 1991). In our experiment, the H57-fed calves’ plasma BHBA tended to be 
elevated at week 12, and remained higher at 19 weeks of age, which could indicate the 
possible mechanism of H57 to stimulate rumen development. Similarly, Sun et al. (2011) 
found that the density of rumen papillae was stimulated by the probiotic Bacillus subtilis 
given to pre-wean calves. An intra-ruminal infusion of n - butyrate in 3 week old calves 
increased rumen papillae size and density (Mentschel et al. 2001; Shen et al. 2005). The 
higher concentration of valerate and butyrate in the rumen of H57-fed calves may have 
contributed more energy to the rumen epithelium which may elevate the level of plasma 
BHBA. 
While the effect of similar probiotics on rumen microbes has been reported (Sun et 
al. 2013), it is not clear how the H57 affected the rumen microbiology. The rumen fluid was 
collected to evaluate its effect on rumen ecology, and will be reported in a subsequence 
paper. Other mechanisms of probiotics include increased digestibility (Qiao et al. 2010) and 
exclusion of pathogens. 
 While there was no apparent effect of H57 on plasma biochemistry parameters 
indicative of better health of dairy calves, elevated GGT in the Controls may have resulted 
from liver damage indicating another health benefit for H57. The concentration of plasma 
GGT at week 12 in the Control calves was higher than the H57-fed calves and remained so 
to week 19. Elevated GGT could indicate liver damage (Klinkon and Ježek 2012). 
Conclusion  
H57-inoculated starter pellets improved the nutritional performance, particularly feed 
conversion efficiency, and reduced the risk of diarrhoea in dairy calves, as they transitioned 
from milk to dry feed and into a paddock environment. 
75 
 
Acknowledgments 
The authors thank Ridley AgriProducts Pty Ltd (Melbourne, Australia) and the ARC 
linkage program for funding; Dairy UQ Gatton for supplying the calves; Peter Isherwood 
(SAFS, UQ) for technical support in the laboratory. 
76 
 
Chapter 4 Production and metabolic responses of pre-weaned dairy calves to milk 
replacer inoculated with the probiotic Bacillus amyloliquefaciens strain H57  
Abstract 
This experiment was conducted to investigate the effects of adding the probiotic 
Bacillus amyloliquefaciens strain H57 (H57) to milk replacer on the Dry Matter Intake (DMI), 
Daily Weight Gain (DWG) and health status of pre-weaning dairy calves and to the stress of 
weaning. Twenty bull and heifer calves were allocated at 3 days of age into two treatments 
and offered 6 L/d of milk replacer (144g DM/L of tap water) either mixed with the H57 
inoculum (2 x 108 cfu/L milk replacer) or without (Control), divided into two equal meals until 
weaning on 56 days of age. From days 56 to 59, the calves were moved into a grazing 
paddock as one group and were supplemented ad libitum with pellets and hay. Calf feed 
pellets and oaten chaff, without probiotic, were offered ad libitum to all calves until weaning. 
Calf liveweight and intake of pellets and oaten chaff were measured twice weekly, while milk 
replacer intake and parameters of general health such as faecal score were monitored daily. 
Rumen fluid was collected by an esophageal tube on days 28 and 56, and blood samples 
were collected on days 3, 28, 56, 57 and 59. The H57 calves and the Control calves had a 
similar pellet DMI (314 vs 288 g DM/d, P = 0.65) that resulted in an excellent DWG (876 vs 
874 g/d, P = 0.98) from induction until weaning. Faecal score was similar in both treatments 
throughout the experiment and was highest in the first two weeks then steadily decreased 
to plateau by day 28. H57 supplementation had no effect on haematology at weaning or on 
plasma concentrations of adiponectin, leptin and haptoglobin. The only effect of H57 
throughout the experiment was on the concentration of the rumen volatile fatty acid iso-
valerate which was elevated on day 56 (0.55 vs 0.34 mmol/L, P = 0.04) in the H57 calves 
compared to the Control calves. Plasma fibrinogen tended to be lower in the H57-fed calves 
(3.1 vs 3.8 mg/mL, P = 0.06) on day 59, three days after weaning, which could indicate the 
potential of H57 to reduce inflammation stress during the weaning period. H57 added to milk 
replacer did not improve the DMI and growth performance of pre-weaned dairy calves under 
optimal rearing conditions, but may have the potential to reduce the stress of weaning in 
pre-weaned dairy calves. 
 
Keywords: Dairy calf, Bacillus amyloliquefaciens, Calf growth, Immunity, Probiotics 
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Introduction 
High levels of stress are imposed when dairy calves are required to adapt to 
environmental or dietary change such as those commonly encountered in the first 6 - 12 
weeks of life, a period that commonly covers the requirement for milk in the diet. The 
weaning process is one of the most stressful aspects of husbandry, as indicated by an 
increase in stress and inflammatory markers. There has been found to be a significant 
increase in neutrophils and total leukocytes in weaned dairy calves compared with un-
weaned calves (Lynch et al. 2010). The weaning process can increase acute phase proteins, 
as part of the innate immune system, such as haptoglobin, fibrinogen, ceruloplasmin 
(Arthington et al. 2003; Kim et al. 2011). Plasma haptoglobin, in particular, shows a large 
increase in response to weaning (Arthington et al. 2005). Stress in young ruminants can 
suppress immunity and subsequently increase their exposure to pathogens to result in 
higher rates of disease (Carroll and Forsberg 2007). Due to their immature immune system 
and gut microbiome, digestive disorders commonly develop in pre-weaned calves and this 
can consequently reduce Dry Matter Intake (DMI), growth performance and lifetime 
productivity. Probiotics are generally added to young ruminant diets to stimulate the 
colonization of a normal intestinal microbiome and minimize the adhesion of pathogens to 
the gut absorptive surface to help mitigate the effects of environmental or dietary change. 
The effects of probiotics on ruminant health and growth performance appear to be 
inconsistent and may depend on the type or mixture of probiotics used (Malik and Bandla 
2010). Supplementing pre-weaned calves’ feed with multiple strains of probiotics consisting 
mainly Lactobacillus spp. can reduce the incidence of diarrhoea and improve growth 
performance (Timmerman et al. 2005; Apás et al. 2010; Frizzo et al. 2010b). Sun et al. 
(2010) found that supplementing with Bacillus subtilis improved the daily weight gain (DWG), 
feed conversion efficiency (FCE) and immune system of pre-weaned dairy calves. Similarly, 
Kowalski et al. (2009) found that supplementing with Bacillus subtilis and Bacillus 
licheniformis in milk replacer and pellets fed to pre-weaned calves improved their dry matter 
intake (DMI) and DWG. By contrast, no benefits in health status or growth performance were 
recorded in pre-weaned calves supplemented with a probiotic mix of Lactobacillus casei, 
Lactobacillus salivarius and Pediococcus acidilactici (Frizzo et al. 2010a) or a mix of 
Lactobacillus acidoiphilus, Lactobacillus lactic, Bacillus subtilis and Bacillus licheniformis or 
single strain of Lactobacillus acidolphilus (Quintero-Gozalez et al. 2003). 
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 Recently, Bacillus probiotics have been promoted as being relatively easier to apply 
to diets due to their spore-forming ability, which allows them to survive through feed 
processing and storage phases as well as in the acidic environment of the digestive tract. 
By comparison, non-spore-forming probiotics, which comprise the majority of those on the 
market, must be mixed with the diet immediately before feeding (Huynh et al. 2005). We 
have recently reported that Bacillus amyloliquefaciens strain H57 (H57) pre-inoculated into 
pellets reduced the incidence and duration of diarrhoea in pre- and post-weaned dairy 
calves, and also improved their DWG, FCE and DMI (Le et al. 2016a) (Chapter 3). Similarly, 
but in pregnant ewes fed poor quality pellets based on palm kernel meal, H57 
supplementation increased DWG, DMI and nitrogen utilization (Le et al. 2016b) (chapter 2). 
The H57 showed a potential to manipulate rumen fermentation by increasing concentrations 
of rumen butyrate and valerate indicating a potential to stimulate rumen development (Le et 
al. 2016b) (Chapter 2). Butyrate and valerate are two major energy sources for the rumen 
wall, and the infusion of these volatile fatty acids (VFAs) can increase the size and density 
of rumen papillae (Shen et al. 2005). Stimulation of rumen development is an important 
factor for supporting an increase in calf capacity to consume amounts of solid feed 
necessary for successful weaning at as young an age as possible, without compromising 
post-weaning growth rate. Since calf intake of solid feed in the first few weeks is negligible, 
H57 was delivered into milk replacer to start them on this probiotic supplement as soon as 
possible and so increase the extent of protection over the pre-weaning phase. We 
hypothesized that the addition of H57 in milk replacer fed to pre-weaned dairy calves would 
improve calf performance and health, and reduce the stress associated with the weaning 
process. 
Materials and Methods 
4.3.1 Preparation of probiotics 
The H57 inoculum was prepared in a 100L fermenter at the University of Queensland 
(Gatton Campus, Australia) and the bacterial cells (mainly spores) subsequently separated 
in a Sharples Centrifuge AS26 20.000 g (Sharples Separator Works, West Chester, 
Pennsylvania, USA). The pellets developed following the centrifuge of the fermentation 
products were then re-suspended and mixed with a bentonite carrier sieved to 150µ, frozen 
at -20oC, freeze-dried, then ground to a powder in a mortar and pestle. This probiotic powder 
or an equivalent amount of bentonite carrier without probiotic (Control) was mixed into the 
milk replacer twice daily just before feeding. The probiotic population in the milk replacer 
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was approximately 108 cfu/L throughout the experiment, as confirmed by a colony counting 
method that tested two sub-samples every fortnight throughout the experimental period. 
4.3.2 Experimental design 
Twenty 3-day old purebred Holstein-Friesian calves (8 heifers and 12 bulls) with an 
average liveweight of 39.3kg (± 4.9 kg) were selected from the dairy herd at the University 
of Queensland (UQ) Gatton Campus, Australia. The calves were separated from their 
mothers within 24h of birth and housed in individual pens (1.6m width x 2.2m length) with 
straw bedding at the UQ dairy farm. They were fed 4L/d of colostrum by artificial teat twice 
daily for the first two days. On day 3, the calves were relocated into individual pens (1.5m 
width x 2.1m length) with a metal mesh floor and rubber matting in an animal house at the 
Queensland Animal Science Precinct, UQ Gatton Campus. The calves were paired on the 
basis of same sex, and then randomly allocated to +/- H57 treatment from days 4 to 56. 
From days 4 to 52, the calves were individually offered 6L/d of milk replacer +/- H57 in two 
equal meals at approximately 7.00 and 16.00 each day. They were also fed pellets and 
oaten chaff ad libitum in two separate containers. On day 53, the afternoon milk was 
withdrawn for three days. On day 56, the calves were weaned and moved to a grazing 
paddock. All experimental procedures were approved by the UQ Animal Ethics Committee. 
4.3.3 Sampling and measurements  
From days 3 to 56, milk replacer intake was recorded daily and pellet intake was 
recorded twice weekly. An amount of pellets estimated to cover half the week’s intake was 
weighed into a separate bin for each calf from which fresh pellets were supplied daily to 
each calf at 7.00 after removing refusals from the previous day’s feed. Refusals were stored 
and weighed twice weekly. Samples of pellets were collected weekly and stored at -20oC 
for later analysis. The weekly pellet samples were bulked and mixed thoroughly and two 
subsamples from each group were taken for analysis of chemical composition by Feed 
Central Pty Ltd (Charlton, Queensland, Australia) using standard wet chemistry procedures. 
The chemical compositions of the experimental feed are presented in Table 4.1.  
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Table 4-1 Chemical compositions of the experimental feed on a dry matter basis 
Compositions (%) Pellets Chaff Control milk H57 milk 
Metabolisable energy (MJ/kg 
DM) 14.2 9.10 19.3 19.3 
Dry matter 89.3 89.7 - - 
Crude protein 20.8 5.70 24 24 
Crude fat 5.80 2.00 20 20 
Neutral detergent fiber 14.1 59.5 - - 
Acid detergent fiber 8.20 36.1 - - 
Total digestible nutrients 84.9 60.4 - - 
Starch 36.6 1.30 - - 
Lignin 0.90 3.60 - - 
Ash 6.30 8.30 - - 
Calcium 1.10 0.20 - - 
Magnesium 0.22 0.15 - - 
Phosphorus 0.49 0.16 - - 
Sulfur 0.28 0.11 - - 
Sodium 0.29 0.53 - - 
H57, cfu spore/L - - - 2.01 x 108 
Calves were weighed twice weekly and the daily weight gain (DWG) of each calf was 
calculated by regressing each set of weights, across the period from days 4 to 56, against 
the age of the calf, in days, so that the slope of the line indicated DWG in grams per day 
over that period.  
A faecal score was recorded daily using the categories described in the method used 
by Riddell et al. (2010): i.e. 0 (formed), 1 (semi-formed), 2 (watery), 3 (watery with mucus) 
and 4 (watery with blood in faeces).  
Blood samples were collected before the morning feeding at approximately 7.00 on 
days 3, 28 and 56 and after weaning, on days 57 and 59. The samples were collected from 
the jugular vein and transferred into heparinized tubes. The blood samples were centrifuged 
81 
 
at 1178 g for 10 minutes at 4oC (Beckman J6-MI, Beckman Coulter, California USA) within 
30 minutes of collection in order to separate the plasma and blood cells. Plasma samples 
were analysed for adiponectin, leptin and haptoglobin using ELISA kits following 
manufacturer guidelines. Whole blood samples taken at weaning on days 56, 57 and 59 
were collected into EDTA tubes for haematology measurement using an automatic analyzer 
(Hemavet 850; Drew Scientific; Miami, Florida, USA). Haptoglobin was measured with 
mouse haptoglobin ELISA test kits (Life Diagnostics, Inc., West Chester, PA, USA) using 
10-fold diluted urine. 
Rumen samples were collected on days 28 and 56, 4h after morning feeding using a 
stomach tube. Rumen pH was measured immediately after collection using a portable pH 
metre (Elmetron IP67, Wincentego Witosa 10, Zabrze, Poland). Sub-samples of rumen fluid 
were then collected (8mL+ 1mL of 20% metaphosphoric acid) for volatile fatty acids (VFA) 
analysis. The analysis of VFAs was conducted following the method described by (Cottyn 
and Boucque 1968) and (Playne 1985) using a gas chromatograph (Shimadzu GC2010) 
fitted with a polar capillary column (ZB-FFAP; Phenomenex, Lane Cove, NSW, Australia).  
4.3.4 Statistical analysis 
Effects of the H57 probiotic on the growth and health of dairy calves were analysed 
using a General Linear Model (GLM) analysis in STATISTICA 8.0 (2008) Statsoft. Measures 
of growth and health were included as dependent variables in a GLM model. The model 
included time of measurement as a repeated factor within each calf, and treatment, time, 
sex and the interaction between these variables as fixed effects. Calves within each 
treatment were included as random effects. Differences between treatment means were 
tested for significance at the level of P < 0.05 using Tukey HSD. All means were expressed 
as least square means with standard errors. 
Results 
4.4.1 Growth performance 
Calves supplemented with H57 did not have significantly improved growth 
parameters (P > 0.05, Table 4.2). The H57-fed calves and Control calves had similar DWG, 
DMI and FCE during the pre-weaning feeding period. The DWG of the calves from days 4 
to 56 in both treatments was relatively high at about 870 g/d (Figure 4.1A). Calf intake of 
pellets in both treatments for the first 21 days was relatively low at less than 100 g DM/d, 
before rapidly increasing to around 1200 g DM/d at weaning time (Figure 4.1B).  
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No significant differences were found for DMI and FCE (calculated as kg DMI/kg 
DWG) between the bulls and the heifers. However, the bulls gained 8.7% more live weight 
than the heifers (62.3 vs 56.9 kg, P = 0.04). 
Table 4-2 Effects of H57 supplementation on the growth performance of pre-weaned dairy 
calves 
 Treatment  Sex 
s.e.m 
P value 
 Control H57  Bulls Heifers Treatment Sex 
Chaff intake, g DM/d 139 114  148 106 20.2 0.37 0.13 
Milk intake, g DM/d 855 855  855 855 0.61 0.53 0.93 
Pellet intake, g DM/d 288 314  321 270 44.3 0.97 0.60 
Total DMI, g DM/d 1282 1283  1324 1231 51.8 0.70 0.44 
Final liveweight, kg 85.0 84.7  87.6 80.7 2.73 0.95 0.03 
DWG, g/d 874 876  906 844 30.3 0.98 0.17 
FCE (kg DMI/kg DWG) 1.52 1.50  1.49 1.53 0.03 0.56 0.29 
Case of diarrhoea 1.20 0.90  1.00 1.13 0.18 0.68 0.85 
Duration of diarrhoea 1.15 1.05  0.91 1.21 0.20 0.88 0.70 
DMI: dry matter intake; DWG: daily weight gain; FCE: feed conversion efficiency; SE: standard error of mean 
4.4.2 Faecal score 
There was no significant difference in faecal score between the Control calves and 
the H57-fed calves or between the bulls and the heifers (P > 0.05, Table 4.3, Figure 4.1).The 
faecal scores in the H57-fed calves and the Control calves were relatively high in the first 14 
days (i.e. scores of 1 to 1.7), but remained consistently low for the rest of the experiment 
(Figure 4.1C). During the first 7 days, about 80% of total calves in both treatment groups 
had a faecal score above 2, which is indicative of mild diarrhoea. The faecal scores steadily 
improved after this time.  
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Figure 4-1 Liveweight change (A), Pellets intake (B) and Faecal score (C) of pre-weaned 
dairy calves 
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(H57-fed calves: solid line; Control calves: dash line) 
4.4.3 Rumen parameters 
There were no significant differences in rumen fluid parameters between the Control 
calves and the H57-fed calves on day 28 (P > 0.05, Table 4.3). On day 56, most of the 
rumen parameters were similar between the Control calves and the H57-fed calves except 
for a 38% higher concentration of iso-valerate in rumen fluid of the H57-fed calves (0.55 vs 
0.34 mmol/L, P = 0.04). There was no significant difference in rumen parameters between 
bulls and heifers on day 28, but on day 56 the bulls had a 21% higher concentration of total 
VFAs (101.4 vs 79.9 mmol/L, P = 0.02), comprising 22% higher acetate (55.7 vs 43.2 
mmol/L, P = 0.02) and 37% higher butyrate (14.6 vs 9.1 mmol/L, P = 0.02) than the heifers.  
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Table 4-3 Effect of H57 supplementation on rumen parameters of pre-weaned dairy calves 
 
Treatment  Sex 
s.e.m 
P 
 
Control H57  Bulls Heifers Treatment Sex 
Day 28 
Rumen pH 6.12 5.96  5.94 6.14 0.12 0.44 0.31 
Total VFAs, mmol/L 69.5 61.4  61.0 69.9 5.05 0.34 0.30 
Acetic, mmol/L 39.8 34.5  34.1 40.3 2.48 0.20 0.14 
Propionate, mmol/L 18.5 16.5  16.3 18.8 2.03 0.54 0.45 
Iso-butyrate, mmol/L 0.31 0.32  0.34 0.29 0.02 0.72 0.10 
Butyrate, mmol/L 8.33 8.02  8.26 8.09 1.22 0.88 0.93 
iso-valerate, mmol/L 0.27 0.29  0.30 0.25 0.03 0.62 0.32 
Valerate, mmol/L 2.19 1.77  1.79 2.17 0.34 0.46 0.50 
Acetate/Propionate ratio 2.50 2.24  2.30 2.45 0.26 0.55 0.72 
Day 56 
Rumen pH 5.94 6.04  5.79 6.19 0.13 0.63 0.07 
Total VFAs, mmol/L 92.9 88.4  101.4 79.9 5.04 0.60 0.02 
Acetate, mmol/L 51.1 47.8  55.7 43.2 2.81 0.49 0.02 
Propionate, mmol/L 25.8 25.9  27.3 24.4 1.88 0.99 0.36 
Iso-butyrate, mmol/L 0.38 0.45  0.46 0.36 0.03 0.17 0.07 
Butyrate, mmol/L 12.5 11.2  14.6 9.14 1.27 0.52 0.02 
iso-valerate, mmol/L 0.34 0.55  0.47 0.42 0.06 0.04 0.59 
Valerate, mmol/L 2.71 2.58  2.93 2.35 0.23 0.75 0.15 
Acetate/Propionate ratio 1.99 1.96  2.09 1.86 0.12 0.90 0.28 
SE: standard error of mean.  
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4.4.4 Haematology  
The H57 supplementation had no significant effect on haematology parameters of 
dairy calves at weaning time (P > 0.05, Table 4.4). All the haematology parameters were 
similar between the H57-fed calves and the Control calves. 
The weaning process did not impose any changes on haematology parameters, aside 
from an increase in the number of monocytes 3 days after weaning and moving calves from 
indoors to the paddock. The number of blood monocytes on day 59 (3 days after weaning 
and moving) was 45% higher than on day 56 (0.62 x 1012 vs 0.34 x 1012 cells/L, P = 0.03) 
when blood samples were taken immediately before weaning and moving.  
Calf sex did not affect haematology (P > 0.05), except for a lower number of red blood 
cells (8.47 x 1012 vs 9.05 x 1012 cells/L, P = 0.01) and lower blood haemoglobin levels (10.5 
vs 11.3 g/dl, P = 0.01) in the bulls compared to the heifers. 
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Table 4-4 Effect of H57 supplementation on haematology in dairy calves on the day of weaning and one and three days thereafter 
 Treatment  Day  Sex  
s.e.m 
P value 
 Control H57  56 57 59  Bulls Heifers Day Treatment Sex 
LEU 8.57 9.32  8.94 9.14 8.77  8.74 9.16 0.46 0.81 0.37 0.47 
NEU 3.22 3.24  3.18 3.17 3.32  3.32 3.34 0.35 0.74 0.90 0.61 
LYMPH 4.90 5.51  5.56 5.31 4.75  5.19 5.22 0.37 0.21 0.29 0.93 
MONO 0.45 0.48  0.34a 0.47ab 0.62b  0.47 0.46 0.06 0.03 0.72 0.85 
EOSIN 0.08 0.04  0.05 0.09 0.03  0.03 0.09 0.04 0.25 0.15 0.23 
BASO 0.03 0.05  0.05 0.06 0.03  0.05 0.03 0.02 0.56 0.29 0.26 
RBC 8.59 8.92  8.97 8.60 8.70  8.47 9.05 0.17 0.46 0.24 0.01 
HGB 10.7 11.2  11.2 10.7 10.9  10.5 11.3 0.24 0.56 0.25 0.01 
HCT 33.2 33.9  33.9 32.9 33.7  32.5 34.6 0.83 0.63 0.47 0.03 
MCV 38.5 38.2  38.0 38.2 38.8  38.4 38.2 0.64 0.69 0.67 0.79 
MCH 12.5 12.5  12.5 12.5 12.5  12.5 12.5 0.19 0.99 0.91 0.76 
MCHC 32.4 32.8  32.9 32.7 32.3  32.4 32.8 0.14 0.47 0.57 0.63 
PLT 908 941  916 892 966  896 953 88.8 0.83 0.75 0.58 
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a,b Means with different superscript letters within a row differ among sampling time, a>b, P < 0.05; SE: standard error of mean; LEU: Leukocytes; NEU: Neutrophils; 
LYMPH: Lymphocytes; MONO: Monocytes; EOSIN: Eosinophils; BASO: Basophils; RBC: Red blood cell, 1012/L; HGB: Haemoglobin, (g/dL); HCT: Haematocrit (%); 
MCV: Mean cell volume, fl; MCH: Mean cell haemoglobin, pg; MCHC: Mean cell haemoglobin concentration, g/dL; PLT: Platelets. 109/L. 
 
Table 4-5 Effect of H57 on plasma hormones and plasma acute phase proteins in dairy calves on the day of weaning and each of the two 
days thereafter 
 Treatment  Sex  Day 
s.e.m 
P 
 Control H57  Bulls Heifers  3 28 56 57 59 Treatment Sex Day 
Adiponectin (µg/mL) 34.5 38.7  34.2 39.0  52.1c 44.6bc 31.9b 27.5a 27.0a 2.19 0.19 0.14 0.01 
Leptin (ng/mL) 4.66 5.15  5.02 4.79  5.20ab 3.86b 4.59ab 5.24ab 5.65a 0.34 0.37 0.67 0.08 
Fibrinogen (mg/mL) 3.8 3.1  3.7 3.2  - - 3.1 3.8 3.6 0.28 0.06 0.15 0.36 
Haptoglobin(ng/mL) 208 209  222 195  248ab 259a 187b 193b 154b 9.8 0.92 0.07 0.01 
a,b Means with different superscript letters within a row differ among sampling time, a>b, P < 0.05 
 
89 
 
 
4.4.5 Plasma hormones 
There were no significant differences in the plasma concentrations of adiponectin and 
leptin due to treatment with H57 or calf sex (P > 0.05, Table 4.5).  
The weaning process decreased the plasma concentrations of adiponectin. The 
concentration of adiponectin on days 57 and 59 (1 and 3 days after weaning) was lower than 
before weaning (27.0 and 27.5 vs 31.9µg/ml, P < 0.05). The plasma concentrations of leptin 
on day 59 (3 days after weaning) was higher compared to day 28 (5.65 vs 3.86ng/mL, P < 
0.05). 
4.4.6 Plasma haptoglobin 
The treatment with H57 and calf sex did not affect the plasma concentrations of 
haptoglobin in dairy calves (P > 0.05, Table 4.5). The concentrations of haptoglobin were 
similar before and after weaning. 
The concentration of plasma fibrinogen in the H57-fed calves during weaning tended 
to be 18.4% less than the Control calves (3.1 vs 3.8 mg/mL, P = 0.06). Fibrinogen also 
tended to increase on the first day after weaning compared to pre-weaning (3.8 vs 
3.1mg/mL, P = 0.08). 
Discussion 
Supplementation of H57 in milk replacer did not affect the growth performance of pre-
weaned dairy calves. In a previous experiment we showed that H57-inoculated pellets 
reduced the incidence and duration of diarrhoea and increased pellets intake and DWG in 
pre- and post-weaned dairy calves. Therefore, we expected even better results from the 
addition of H57 to milk replacer as it could be consumed from the very beginning of the 
rearing phase as opposed to waiting until significant amounts of inoculated pellet could be 
fed. However, in contrast to the previous experiment, the incidence of diarrhoea was minimal 
and DWG was much higher. No positive effect of H57 was apparent across all of the 
performance parameters measured although there was a tendency for a reduction in the 
concentration of fibrinogen in the plasma of the H57-fed calves on the day after weaning. 
Possibilities for the discrepancy between studies could be that H57 is more beneficial if it 
enters the rumen as opposed to bypassing it as milk would do, or that the already high DWG 
and health status of the Control calves precluded further improvement due to the H57 
treatment. 
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The exceptional DWG and health status of the calves over the first 8 weeks of life 
could indicate that there was insufficient stress imposed by the current protocol and 
therefore minimal opportunity for a response to H57. Except for a tendency for loose faeces 
(faecal score 2-3) within the first week of arrival, there was no diarrhoea or any other health 
problems thereafter in either treatment group. Moreover, the Control calves grew rapidly, 
57% faster than those in the previous experiment and well above the target DWG (700 g/d 
averaged over the day 4-56 period) for Holstein calves in commercial dairy farms in Australia 
(Basham and Halliday 2011). In both studies the calves were fed similarly and were of similar 
genetics as they were sourced from the same herd. The major difference was the 
dramatically elevated rate of the duration of diarrhoea in the previous experiment compared 
to the current experiment (5.83 vs 1.15 days). The concentrations of both plasma 
haptoglobin and fibrinogen among calves in the current experiment were in the normal range 
for a healthy calves (0 – 400 µg/mL and 0 – 5 mg/mL, respectively) (Knowles et al. 2000).  
The effect of H57 supplementation on stress induced by weaning and the change of 
environment from indoor housing to a grazing paddock was investigated by measuring 
concentrations of plasma acute phase proteins such as fibrinogen and haptoglobin and 
populations of immune cells. The weaning process can elevate the concentration of plasma 
haptoglobin and fibrinogen in both dairy and beef cattle (Arthington et al. 2003; Blanco et al. 
2009; Kim et al. 2011). Plasma haptoglobin is particularly responsive, compared to other 
acute phase proteins such as ceruloplasmin (Arthington et al. 2005). However, in the current 
experiment, there were no changes in plasma haptoglobin due to treatment or to the 
weaning process. For haemotology, Lynch et al. (2010) found a significant increase in total 
leukocytes, mainly neutrophils in weaned compared to un-weaned calves. In the current 
experiment, we only identified a 45% increase in the concentration of monocytes 3 days 
after weaning but this response was unaffected by H57. The increase in leukocytes may be 
associated with an increased exposure to pathogens in the new paddock versus the indoor-
pen environment. The concentration of plasma fibrinogen tended to be higher in the Control 
calves one day after weaning. It has been reported that fibrinogen is involved in the early 
innate immune system development (quick enough to occur within a day of weaning) so as 
to quickly neutralise invading pathogens (Påhlman et al. 2013). 
Supplementation of H57 in the milk replacer did not affect the intake of chaff, pellets 
or milk, or the DWG of pre-weaned dairy calves. Similarly, Bakhashi et al. (2006) found no 
response in the DMI or DWG of newborn calves that were fed whole milk supplemented with 
Bacillus subtilis and Bacillus licheniformis. Riddell et al. (2010) also found that adding these 
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same probiotics to milk replacer and pellets that were fed to pre-weaned dairy calves had 
no effect on calf DMI or liveweight changes. In contrast, Kowalski et al. (2009) found that a 
supplement of Bacillus subtilis and Bacillus lichenformis in both pellets and milk replacer 
powder fed to pre-weaned dairy calves aged from 2 to 10 weeks old did increase DMI and 
DWG. Sun et al (2010) also found that adding Bacillus subtilis probiotic to whole milk 
improved calf DWG, FCE and weaning age. As suggested earlier, the lower DWG and higher 
faecal score of the calves in the study of (Kowalski et al. 2009) and possibly Sun et al (2010) 
meant that there was opportunity for the probiotics to improve calf performance and so they 
were able to define a response whereas in the current experiment there was minimal if any 
chance of improvement. Alternatively, the inconsistencies in calf responses to probiotic 
feeding could be due to the dose of the probiotics used (Malik and Bandla 2010). As such, 
the positive effect of the addition of probiotics in milk as reported by Sun et al. (2010a) may 
be the result of their use of a larger dose of probiotic (i.e. 1010 vs 108 cfu/d in the current 
experiment).  
 The stress of gradual weaning in the current experiment may have been minimized, 
in part, by the calves’ high intake of pellets during the pre-weaning period. Such good 
nutrition during the pre-weaning period and good animal welfare management are known to 
reduce the stress of weaning (Pollock et al. 1993). It has also been found that calves that 
have a higher starter DMI can show less stress after weaning than those with lower starter 
DMI (Eckert et al. 2015). In the current experiment, the calves were weaned at 8 weeks of 
age when the pellet intake was about 1.5% of their liveweight (DMI: 1.1 -1.2 kg DM/d), which 
is well above the targeted DMI at weaning time (i.e. 700 g DM/d) in commercial dairy farm 
settings (Basham and Halliday 2011). Our previous experiment showed that H57 
supplementation reduced the incidence of diarrhoea and improved DWG, DMI and FCE in 
dairy calves under substantial heat stress and a high incidence of diarrhoea (Le et al. 2016a) 
(Chapter 3). In the current experiment, the calves were housed within a clean and 
adequately ventilated indoor environment with moderate temperatures ranging from 16.5 to 
26.5oC. 
Supplementation with H57 did not affect the concentrations of plasma adiponectin or 
leptin in pre-weaned calves. Both leptin and adiponectin play a central role in the regulation 
of energy intake and expenditure, and thus regulate DMI (Chilliard et al. 2005; Dridi and 
Taouis 2009). The lack of responses in adiponectin and leptin in pre-weaned calves in the 
current experiment are therefore consistent with the lack of response in DMI and growth 
rate. It has been shown that an increase in levels of adiponectin was associated with a 
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reduction in the development of inflammation (Ouchi and Walsh 2008). We therefore 
suggest that the high concentrations of plasma adiponectin in the early lives of the calves in 
our experiment could have enhanced their health status and growth rates.  
Although the current experiment was not conducted to the depth and detail needed 
to better elucidate the mechanisms of action of probiotics, H57, as with Bacillus probiotics, 
shows promise, particularly via a positive effect on rumen function. Our previous experiment 
indicated that H57 supplementation manipulated rumen function by increasing rumen pH 
and the concentrations of butyrate and valerate (Le et al. 2016b) (Chapter 2). These VFAs 
are preferentially metabolised as an energy source in the epithelium of the rumen 
(Kristensen et al. 1998). The infusion of these VFAs can increase the surface, length and 
width of rumen papillae (Shen et al. 2005). Moreover, Bacillus probiotics have increased the 
number of ruminal proteolytic and amylolytic bacteria and total bacteria in dairy cows fed 
Bacillus subtilis (Sun et al. 2013); they have increased fiber digestion in cows fed Bacillus 
subtilis and Bacillus licheniformis (Qiao et al. 2010); they have increased the density and 
the surface area of rumen papillae in calves fed Bacillus subtilis (Sun et al. 2011); and they 
have stabilized rumen pH in a 24h period in cows fed Bacillus subtilis (Qadis et al. 2014a). 
In the current experiment, the addition of H57 to the milk replacer possibly limited its benefits 
in the pre-weaned calves. This is because the rumen is not yet functional when ruminants 
are still suckling, and milk thereby bypasses the rumen due to the closure of the esophageal 
groove by reflex action (Van Soet 1994). Therefore, we consider that the H57 added to the 
milk replacer did not reach the rumen where the probiotics could have resulted in positive 
effects. This is consistent with there being no response in the rumen parameters measured 
on day 28, but an increase in the concentration of the rumen volatile fatty acid iso-valerate 
by 19.7% on day 56 in both treatment groups when the rumen should have been and likely 
was beginning to function.  
Conclusion  
Probiotic H57 added to milk replacer did not improve growth performance or health 
status of pre-weaned dairy calves reared under optimum conditions. 
93 
 
Chapter 5 The probiotic Bacillus amyloliquefaciens strain H57 alters energy 
metabolism and inflammation in late pregnant ewes 
Abstract 
 The potential of Bacillus amyloliquefaciens strain H57 (H57) as a feed additive to 
modulate energy homeostasis and inflammation was evaluated in late-pregnant ewes until 
the point of lambing. Twenty-four pregnant ewes were fed palm kernel meal (PKM) -based 
pellets manufactured with or without Bacillus amyloliquefaciens H57 spores (109 cfu/kg 
pellet) from day -56 to 0 (parturition). Blood samples were collected fortnightly to assay the 
plasma concentrations of the hormones adiponectin and leptin, and the inflammation-
inducible protein haptoglobin, as well as a suite of plasma metabolites. The plasma 
biochemistry in the H57-fed ewes indicated they achieved a better nutritional status than the 
Control ewes. Over late pregnancy, the H57-fed ewes had a 6% higher concentration of 
plasma total protein (63.4 vs 59.7 g/L, P = 0.01), 10% higher plasma globulin (31.0 vs 27.9 
g/L, P = 0.01), 4% higher plasma calcium (2.41 vs 2.32 mmol/L, P = 0.03) and 20% more 
cholesterol (2.32 vs 1.86 mmol/L, P = 0.02). Over late pregnancy, the H57-fed ewes 
exhibited higher concentrations of plasma adiponectin (4.78 vs 3.47 µg/mL, P = 0.01) and 
lower haptoglobin (626 vs 875 ng/mL, P = 0.03), but similar concentrations of plasma leptin 
(12.8 vs 10.0 ng/mL, P = 0.16) relative to the Control ewes. The higher concentrations of 
adiponectin, an adipose tissue-derived hormone, in the H57-fed ewes could indicate a 
stimulation of fatty acid oxidation as an energy source for maternal tissues, sparing glucose 
and amino acids for fetal and maternal growth in late pregnancy. In addition, the H57 
supplementation reduced the plasma concentrations of haptoglobin which is an indicator of 
stress and inflammation. 
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Introduction 
 Ruminants experience a period of stress indicated by a development of insulin 
resistance, reduced dry matter intake (DMI), negative energy balance, hypocalcemia, 
reduced immune function, and increased vulnerability to infection during the transition from 
pregnancy to lactation due to the sudden increase in metabolic demand and susceptibility 
to pathogens (Leblanc 2010). Probiotics have the potential to reduce digestive disorders 
and improve ruminant performance during such periods of stress (Kritas et al. 2006; 
Kowalski et al. 2009; Qiao et al. 2010; Sun et al. 2010a; Frizzo et al. 2011a; Sun et al. 2013). 
Less examined though is the potential for probiotics to play a role in the regulation of energy 
metabolism. Changes to the gut microbiota can affect secretion of metabolic hormones 
(Bäckhed et al. 2004; Carvalho and Abdalla Saad 2013). Probiotics appear to influence 
energy metabolism in humans and mice but little research on this question has been 
performed in ruminants (Kadooka et al. 2010; Yang et al. 2013; Savcheniuk et al. 2014).  
Our previous experiment showed that Bacillus amyloliquefaciens H57 
supplementation increased DMI, Daily Weight Gain (DWG) and health status of pregnant 
ewes fed pellets based on a low-palatability by-product, palm kernel meal (PKM) (Le et al. 
2016b) (Chapter 2). DMI in ruminants is driven by physical, endocrine and metabolic controls 
(Faverdin 1999). Our measurement of rumen fermentation characteristics indicated lower 
concentrations of ammonia and total volatile fatty acids (VFAs) in the rumen fluid of H57-fed 
ewes, despite their faster weight gain. There was no advantage from H57 supplementation 
to whole tract digestibility of energy or protein. These responses may indicate that H57 
supplementation acted through metabolic rather than physical control of appetite. H57 
supplementation may have reduced ruminal degradation of dietary nutrients or increased 
ruminal absorption of the VFAs and retention of blood urea and ammonia. The improvement 
of DMI observed with H57 supplementation may be due to a resetting of appetite, possibly 
by altering the profile of metabolic hormones such as adiponectin and leptin. Both leptin and 
adiponectin have roles in the regulation of energy intake and expenditure, and are likely to 
influence DMI (Chilliard et al. 2005; Dridi and Taouis 2009). Therefore we hypothesized that 
addition of this probiotic in feed may alter blood plasma levels of adiponectin and leptin in 
late stage pregnancy ewes. We also examined the potential of H57 supplementation to 
reduce the inflammatory response.  
95 
 
Materials and methods 
5.3.1 Animals and management 
 The use of the animals and the experimental procedure was approved by the Animal 
Ethics Committee of the University of Queensland (UQ AEC number SVS/022/13/ACR). 
Details of the methodology have been previously described (Le et al. 2016b) (Chapter 2). 
The general husbandry procedures and specific measurements relating to the plasma data 
are given below.  
 Twenty four first-parity white Dorper ewes (liveweight: 47.3 ± 6.9 kg aged 15 ± 4.6 
months) were allocated to a completely randomized experiment with two treatments (with or 
without H57 supplementation) from day -56 to 0 (parturition). The Bacillus amyloliquefaciens 
H57 spores were incorporated into the pellets during the steam pelleting process at the 
Ridley Agriproducts Pty Ltd production facility (Toowoomba, Queensland, Australia), at a 
dose of 2.85 x 109 cfu of H57 spores/kg pellets. The experimental diet was pellets based on 
PKM and sorghum grain, plus 100 g/d/ewe of oaten chaff. Ewes were individually offered an 
amount of feed calculated to meet their energy and protein requirements for the developing 
conceptus plus 70 g/day of maternal tissue weight gain, according to their liveweight and 
stage of pregnancy (Freer 2007) and daily DMI measured.  
5.3.2 Measurements 
 Blood samples were collected before the morning feeding from the jugular vein into 
sterile heparinized vacutainer tubes on days -56, -42, -21, -7 and 0 (about 1 h post-partum). 
The blood samples were centrifuged at 1178 g for 10 min at 4oC (Beckman J6-MI, Beckman 
Coul, California USA) within 30 min of collection to separate the plasma and blood cells. 
Plasma metabolites were analyzed using an Olympus AU400 auto-analyzer (Beckman 
Coulter Diagnostic Systems Division; Melville, NY, USA), following the manufacturer’s 
guidelines. 
5.3.3 ELISA procedure to measure adiponectin, leptin and haptoglobin 
The plasma was stored at -18oC until analysis. Plasma was thawed at 4oC and 
aliquoted by an epMotion 5075 liquid handling robot into 96 well storage plates. The plasma 
were diluted 1:10 or 1:50 in TBST (20 mM Tris (pH 7.5), 0.15 M NaCl, 0.1% v/v Tween 20) 
in Axygen 96 well PCR plates by the same liquid handling robot. All assays were performed 
in duplicate in 384 well high protein-binding plates (Perkin Elmer), and assay solutions were 
added using the epMotion robot.  
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 Incubations were conducted at room temperature (RT) except for the coating step 
which was performed overnight at 4oC. All wash steps (4-fold in TBST) were conducted 
manually between each incubation step. Tetramethylbenzidine (TMB) was the substrate 
used in the leptin and adiponectin ELISAs, whereas ABTS was the substrate for the 
haptoglobin ELISA. The reactions were stopped immediately by addition of 40 μl H2SO4 2%. 
Absorbance was measured by a spectrophotometer at the relevant wavelength (ABTS: 405 
nm; TMB: 450 nm). The results were analysed using GraphPad Prism and the sample values 
calculated from the standard curves using the Non-linear single site saturation fit.  
 The recombinant bovine leptin and adiponectin protein standards were prepared in-
house. The haptoglobin standard was purchased from Sigma. In-house affinity-purified 
polyclonal antibodies were used in the leptin, adiponectin and haptoglobin ELISAs.  
Adiponectin ELISA 
 Plates were coated with rabbit anti-bovine adiponectin (270 ng/ml; 50 μl/well) at 4oC. 
Immediately prior to assay, the plasma samples were further diluted from 1:50 to 1:10,000 
in TBST. The coated plates were washed, and 50 μl of the 1:10,000 diluted samples were 
added to duplicate wells along with prepared standards (recombinant bovine adiponectin: 0, 
1.72 to 1000 μg/ml, diluted 1:10,000 in TBST). The adiponectin standard was prepared in 
neat pooled horse serum. Plates were incubated for 1 h. 
 Detection was achieved using chicken anti-bovine adiponectin antibody (diluted in 
TBST, 50 μl/well, 30 min) and amplification achieved with anti-chicken Ig horseradish 
peroxidase (HRP) conjugate (diluted in TBST, 50 μl/well, 30 min). The limit of detection was 
conservatively 1.5 μg adiponectin/ml plasma.  
Leptin ELISA 
 Assays were performed following the protocol for the adiponectin assay with the 
following exceptions. Assay plates were coated with chicken anti-recombinant bovine leptin 
antibody (1.25 μg/ml). Detection was achieved using appropriately diluted rabbit anti-
recombinant bovine leptin antibody and amplification with a HRP-labelled goat antibody to 
rabbit IgG. Leptin values were calculated using a standard curve with recombinant bovine 
leptin concentrations of 0, 11.7-1000 ng/ml. The recombinant leptin standards were 
prepared in neat pooled new born and fetal calf serum. The limit of detection was 2.5 ng 
leptin/ml plasma.  
Haptoglobin ELISA 
97 
 
 Assays were performed following the above protocols with the following exceptions. 
Assay plates were coated with rabbit anti-human haptoglobin antibody (1 μg/ml). Detection 
was achieved using appropriately diluted rabbit anti-human haptoglobin antibody conjugated 
to HRP. Haptoglobin values were calculated using a standard curve with native human 
haptoglobin concentrations of 0, 24.4 ng – 25.0 μg/ml. The native human haptoglobin 
standards were prepared in neat pooled newborn and fetal calf serum. The limit of detection 
was 98 ng haptoglobin per ml plasma.  
5.3.4 Statistical analysis 
Plasma metabolites and hormones data was analysed using a General Linear Model 
(GLM) analysis in STATISTICA 8.0 (Weiß 2007). The model included time of measurement 
as a repeated factor within each ewe, treatment as a fixed effect and ewes within treatment 
as random effects. Differences between means were tested for significance at the level of P 
< 0.05 using Tukey HSD. All means are expressed as least square mean and standard 
errors.  
Results 
Plasma metabolites 
During late pregnancy, from day -56 to 0, compared to the Control group, the H57-
fed ewes had, on average, a 6% higher plasma total protein (63.4 vs 59.7 g/L, P = 0.01, 
Table 5.1), 10% higher plasma globulin (27.9 vs 31.0 g/L, P = 0.01), 4% higher plasma 
calcium (2.41 vs 2.32 mmol/L, P = 0.03) and 20% more plasma cholesterol (2.32 vs 1.86 
mmol/L, P = 0.02). The average plasma creatine kinase (CK) activity was significantly lower 
(90.8 vs 223.8 U/L, P = 0.02) in the H57-fed ewes.  
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Table 5-1 Mean concentrations of plasma metabolites and hormones in pregnant ewes fed 
palm kernel meal pellets ± Bacillus amyloliquefaciens H57 over days -56 to 0. 
 Control H57  s.e.m P 
Alkaline phosphatase (U/L) 229.2 262.5  29.8 0.44 
Aspartate aminotransferase (U/L) 272.8 281.3  31.8 0.91 
Creatine kinase (U/L) 223.8 90.8  38.3 0.02 
Non-esterified fatty acids (mmol/L) 0.59 0.51  0.07 0.45 
Glucose (mmol/L) 4.14 4.26  0.21 0.58 
Cholesterol (mmol/L) 1.86 2.32  0.10 0.02 
Phosphate (mmol/L) 1.96 1.77  0.12 0.63 
Potassium (mmol/L) 4.52 4.42  0.08 0.44 
Sodium (mmol/L) 145.4 145.5  0.31 0.74 
Calcium (mmol/L) 2.32 2.41  0.03 0.03 
Chloride (mmol/L) 108.2 105.8  1.61 0.31 
Albumin (g/L) 31.8 32.4  0.30 0.74 
Globulin (g/L) 27.9 31.0  0.80 0.01 
Total protein (g/L) 59.7 63.4  0.84 0.01 
Creatinine (µmol/L) 99.5 108.1  4.01 0.15 
Urea (mmol/L) 5.00 4.55  0.18 0.19 
Adiponectin (µg/ml) 3.47 4.78  0.23 0.01 
Leptin (ng/ml) 10.0 12.8  1.07 0.16 
Haptoglobin (ng/ml) 875 626  114 0.03 
s.e.m: standard error of mean 
There were no differences in the average concentrations of plasma glucose between 
the two treatments. The mean concentrations of glucose remained constant in late 
pregnancy, but rapidly increased at parturition regardless of treatment. From days -56 to 0, 
the mean concentrations of plasma cholesterol gradually decreased in the Control ewes 
whereas in the H57-fed ewes, it increased to a peak on day -21, then decreased to day -7, 
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but remained higher (2.53 vs 1.45 mmol/L, P = 0.02) than the Control on day 0 (Figure 5.1 
A and B). 
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Figure 5-1 Concentrations of plasma Calcium (A), Cholesterol (B), NEFA (C), Adiponectin (D), Leptin (E) and Haptoglobin (F) in late 
pregnant ewes from day -56 to 0 
 
*: P < 0.05; **: P < 0.01 
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The average concentrations of non-esterified fatty acids (NEFA) at parturition was 
lower in the H57-fed ewes compared to the Control ewes (0.50 vs 1.05 mmol/L, P = 0.008) 
but the average NEFA concentrations were otherwise steady in both groups (Figure 5.1C).  
Plasma hormones 
 The H57 supplementation was associated with increased average concentrations of 
plasma adiponectin (by 38%) relative to the Control group across late pregnancy (4.78 vs 
3.47 µg/mL, P = 0.01, Table 5.2). There was an interaction between time and treatment 
effect on adiponectin concentrations through late pregnancy. Average concentrations of 
plasma adiponectin fell in both groups from days -56 and 0 (P = 0.002, Figure 5.1D).  
 The average concentrations of plasma leptin from day -56 to 0 was similar between 
the two treatments when averaged across late pregnancy (12.8 vs 10.0 ng/mL, P = 0.24, 
Table 5.2), but was 62% higher in the H57-fed group than the Control group at day -42 (17.0 
vs 10.5 ng/mL, P = 0.05, Figure 5.1E). The average concentrations of plasma leptin 
increased from days -56 to -42, and then gradually decreased to parturition in the H57-fed 
ewes; whereas it remained steady in the Control ewes.  
Across-treatment analysis showed a positive correlation between concentrations of 
plasma leptin with liveweight of the ewes during late pregnancy. The increasing liveweight 
was associated with a linear increase in plasma leptin (r = 0.68, P < 0.001, Figure 5.2).  
 
Figure 5-2 Correlation between mean liveweight and mean concentrations of plasma leptin 
in late pregnant period from day -56 to 0 
White dot: Control ewes; black dot: H57-fed ewes 
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Plasma haptoglobin 
 The concentration of plasma haptoglobin in the H57-fed ewes when averaged over 
days -56 to 0 was higher than the Control group (626 vs 875 ng/mL, P = 0.03). The average 
plasma haptoglobin concentrations in the H57-fed ewes was lower than the Control group 
on day -21 by 163% (1294 vs 492 ng/mL, P = 0.04), and on day 0 by 68% (1438 vs 854 
ng/mL, P = 0.02). The concentrations of plasma haptoglobin in the Control group sharply 
increased on day -21 and remained high through parturition (Figure 5.1F).  
Across-treatment analysis showed a negative correlation between DMI and 
haptoglobin in pregnant ewes. The increasing DMI was associated with a decline in plasma 
haptoglobin (Figure 5.3).  
 
Figure 5-3 Correlation between mean DMI and mean concentrations of plasma 
haptoglobin in late pregnant period from day -56 to 0 
White dot: H57-fed ewes; black dot: Control ewes 
Discussion 
As hypothesized, the H57-inoculated PKM-based pellets fed to the pregnant ewes 
appeared to influence energy metabolism by altering concentrations of adipose tissue-
derived hormones and reducing inflammation responses. Supplementing the diet of 
pregnant ewes with the probiotic H57 increased their concentrations of plasma adiponectin, 
a hormone involved in regulating energy and lipid metabolism. Against our expectations, 
plasma leptin in the H57-fed ewes was elevated relative to the Control ewes but only on day 
-42, two weeks after supplementation with the H57 began. This increase of plasma Leptin 
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could be associated with an increase in adiposity in H57 treated ewes. When averaged over 
the entire period of late pregnancy, leptin concentrations were unaffected by the H57 
supplementation. Moreover, H57 showed potential to reduce stress and inflammation in 
pregnant ewes. This was indicated by a decline in plasma haptoglobin concentrations in the 
H57-fed ewes, especially at days -21 and 0, which were two particularly stressful times for 
the ewes. Day -21 was when the ewes were put into the metabolism crates and day 0 was 
the time of parturition. Our experiment is one of the few that have investigated and shown a 
hormonal response in pregnant ewes that indicates the potential for probiotics to directly 
influence appetite and reduce inflammation and stress.  
The levels of feed offered to our experimental first parity pregnant ewes were 
calculated to meet their maintenance requirements for pregnancy plus 70 g/d for maternal 
gain. However, due to the low palatability of the pellets based on palm kernel meal, the DMI 
of the ewes was lower than expected, particularly in the Control ewes (Le et al. 2016b) 
(Chapter 2). The higher DMI in the H57-fed ewes in late pregnancy was associated with an 
increase in concentrations of plasma adiponectin. Adiponectin, the most abundant of 
adipose tissue-derived hormones accounting for 0.01% of total plasma protein, plays an 
important role in energy and lipid metabolism (Lihn et al. 2005). The concentration of plasma 
adiponectin increased in response to probiotic Lactobacillus gasseri in humans (Kadooka et 
al. 2010) or a probiotic mix of Lactobacillus casei and Bifidobacterium animalis in rats 
(Savcheniuk et al. 2014), but DMI was not measured in these studies. In mice, injections of 
adiponectin increased their DMI and DWG by increasing the expression of AdipoR1 (a 
receptor of adipose tissue-derived hormones) in the arcuate hypothalamus (Kubota et al. 
2007). Therefore, higher concentrations of plasma adiponectin in the H57-fed ewes during 
late pregnancy could be inducing their higher DMI compared to the Control ewes.  
The higher concentrations of plasma adiponectin in the H57-fed ewes may help to 
maintain their energy balance during late pregnancy. Normally, in well-fed ruminants the 
major gluconeogenesis substrates absorbed are propionate and amino acids from the 
alimentary tract (Baldwin and Smith 1979). There was no difference in glucose levels 
between the two treatments indicating the ability of the ewes to regulate the supply and 
utilization of energy to maintain glucose homeostasis. In late pregnancy, due to an 
increasing requirement for glucose for fetal growth, if absorbed propionate and amino acids 
are deficient, peripheral stores of energy must be mobilised to compensate for the negative 
energy balance. The precursors from peripheral storage for gluconeogenesis are glycerol 
from adipose tissue, and glucogenic amino acids from endogenous protein. The glycerol is 
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a relatively minor source, accounting for only about 15% of potential supply, and glucogenic 
amino acids therefore become the major substrates for gluconeogenesis during the negative 
nutritional period (Baldwin and Smith 1979).  
The H57-fed ewes had a higher level of acetate from rumen fermentation (Le et al. 
2016b) (Chapter 2), therefore favouring a net deposition of fatty acids in the adipose tissue 
of these ewes. Fruebis et al. (2001) and Yamauchi et al. (2001) have also found that 
adiponectin stimulated the use of fatty acid as an energy source in the skeletal muscle of 
mice. Therefore, the higher plasma adiponectin in the H57-fed ewes during late pregnancy 
could have enhanced the utilization of fatty acids as an energy source by maternal skeletal 
tissue and so have accounted for the lower concentration of plasma non-esterified fatty acids 
(NEFAs), at least at parturition, in the H57-fed ewes. Excessive lipid mobilization from 
adipose tissue at parturition and elevated plasma NEFA concentrations can lead to the 
development of fatty liver and ketosis, which are associated with decreased health and 
production performance. Hence there could be a role for H57 in reducing the risk of such 
diseases in ruminants. In addition to mobilization of adipose tissues, mobilization of maternal 
protein in the Control ewes appeared also to be accelerated, as indicated by higher 
concentrations of plasma creatine kinase (CK). Plasma CK is considered a muscle specific 
enzyme and elevated concentrations are associated with muscle damage or catabolism 
(Sattler and Fürll 2004). The accelerated catabolism of maternal fat and muscle tissue in the 
Control compared to the H57-fed ewes was consistent with their greater maternal body 
weight loss (Le et al. 2016b) (Chapter 2). 
 Adiponectin also increases insulin sensitivity. As pregnancy advances, insulin 
resistance increases, leading to a decrease in insulin-mediated uptake of glucose by muscle 
and fat tissues, and the insulin-mediated inhibition of lipolysis (Guesnet et al. 1991) This 
ensures adequate nutrients such as glucose are redirected for fetal growth and development 
of the mammary gland for lactation (Symonds and Ramsay 2010). In dairy cows, the 
increase in insulin resistance has been associated with a decrease in plasma adiponectin 
levels toward the end of pregnancy (Giesy et al. 2012; Ohtani et al. 2012). The current 
experiment showed that adiponectin in the Control ewes decreased, while it remained 
relatively constant over pregnancy in the H57-fed ewes. The ewes in the current experiment 
were first parity, thus besides the energy requirement for fetal growth, they also required 
nutrition for maternal growth. The increase in plasma adiponectin in the H57-fed ewes could 
therefore reduce insulin resistance in peripheral tissues, and thereby ensure adequate 
nutrient availability for maternal growth while reducing the risk of fetal overgrowth.  
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 During late pregnancy, we found no difference in the concentrations of plasma 
leptin between the two treatments over the period of late pregnancy but a significant 
elevation occurred on day -42 in the H57-fed ewes, two weeks after the H57 
supplementation began. Leptin is an adipose tissue-derived hormone that plays a central 
role in the regulation of satiety and energy homeostasis in ruminants (Ingvartsen and 
Boisclair 2001). Consistent with the literature, our data showed a linear correlation of the 
concentrations of leptin with liveweight of pregnant ewes (Fig. 2). In the current experiment, 
plasma leptin in the H57-fed ewes increased from day -56 to day -42, and then decreased 
to parturition. In contrast, it remained unchanged in the Control ewes. Contradictory results 
in the concentrations of plasma leptin in late-pregnant ewes have been observed in other 
studies. For example, Ehrhardt et al. (2001) found an increase in plasma leptin in ewes fed 
to appetite but not with nutritionally restricted ewes, which is consistent with our study. 
However, Bispham et al. (2003) found an increased from pre-breeding to mid pregnancy, 
then a large decrease from mid pregnancy to lactation, in ewes fed a maintenance level 
of energy to minimize changes in maternal energy status from pre-breeding to lactation.. 
In the current experiment, the pregnant ewes’ higher DMI of a relatively low-palatability 
diet that was inoculated with H57 while leptin levels were decreasing showed that leptin 
levels were not directly linked to DMI. Therefore the higher level of plasma leptin on day -
42 in the H57-fed ewes could simply be associated with higher liveweight or liveweight 
gain that could be linked to an increase in body fatness.  
The H57-fed ewes also showed less stress and better health status than the Control 
ewes as indicated by lower concentrations of plasma haptoglobin, particularly during the two 
highly-stressful periods being the time when the ewes were held in metabolism crates and 
subsequently at parturition. In ruminants, haptoglobin is a major acute phase protein in 
response to infection, inflammation or stress factors (Cray et al. 2009). In cattle, haptoglobin 
increases during exposure to stressful periods such as transportation or weaning (Lomborg 
et al. 2008; Kim et al. 2011), and also as a result of disease and metabolic disorders (Murray 
et al. 2014). In the current experiment, during the periods considered highly stressful for the 
ewes, the plasma haptoglobin remained unchanged in the H57-fed ewes while it 
dramatically increased in the Control ewes. Scott et al. (1992) found that ewes with dystocia 
had plasma haptoglobin elevated to higher than 400ng/ml, when measured at 6-12h after 
parturition. We also found that there was a negative association between the concentrations 
of plasma haptoglobin and DMI. Ewes with higher haptoglobin indicative of stress and 
inflammation status had lower DMI and vice versa (Fig 5.3). 
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Conclusion 
 The diet supplemented with H57 resulted in an increased concentration of plasma 
adiponectin, a fat-derived hormone, thus influencing the energy metabolism in late pregnant 
ewes fed PKM-based pellets. The H57 supplementation also reduced the stress and 
inflammation indicator plasma haptoglobin, which may be associated with an improvement 
in the health status of those ewes under stressful situations.  
Acknowledgement 
The authors thank Ridley AgriProducts Pty Ltd (Melbourne, Australia) and the ARC 
Linkage program for funding (ARC project LP120200837). Peter and Mary Lynch, Spring 
Hill White Dorper Stud, for supplying the sheep; Peter Isherwood (School of Agriculture and 
Food Science, UQ) for technical support in the laboratory; and students Ana Paula and 
Sungchhang Kang for assistance with animal care.  
108 
 
Chapter 6 Preference of weaner calves for pellets is improved by inclusion of 
Bacillus amyloliquefaciens spores as an ingredient 
Oanh T. LeA, Peter J. DartB, Matthew J. CallaghanC, Athol V. KlieveB and David M. 
McNeillA 
ASchool of Veterinary Science, The University of Queensland, Gatton Qld 4343, Australia 
BSchool of Agriculture and Food Sciences, The University of Queensland, Gatton Qld 4343, Australia 
CRidley AgriProducts Pty Ltd, Toowong Qld 4066, Australia 
Presenting author: Oanh Thi Le, le.thi.oanh@uq.net.au 
Abstract 
We investigated the preference of weaned calves for pellets formulated with or 
without a novel strain of Bacillus amyloliquefaciens (H57). Twenty dairy calves were trained 
over 3 days and preference tested over 7 days by monitoring the intake of a test feed relative 
to that of a reference feed, with each being offered ad libitum, in adjacent troughs per calf, 
for 6h per day, between 8.00 – 14.00. Calves showed a similar preference (0.502, P > 0.10) 
when Control pellets were offered in adjacent troughs for days 4, 5 and 6 but preferred the 
test H57 pellets when offered simultaneously with the Control pellets for days 7, 8 and 9 
(0.671, P<0.001) and this preference rating was maintained even after Control pellets were 
sweetened with glucose powder (10% by weight) on day 10 (0.722, P<0.001). H57 spores 
therefore have the potential to be used as an attractant in supplements for ruminants.  
Introduction  
We have previously shown that pellets formulated with Bacillus amyloliquefaciens 
H57 (H57) spores can increase dry matter intake (DMI) and growth rate of pregnant ewes, 
and improve feed conversion and reduce the risk of diarrhoea in pre-weaned dairy calves 
(Le et al. 2016a; Le et al. 2016b) (Chapter 2 and 3). It was hypothesized that the greater 
intake was consequential to the H57 spores improving the preference for pellets, thus 
increasing intake. This paper reports on a experiment to determine weaned dairy calves’ 
preference for H57-inoculated pellets. 
Materials and Methods 
Feed preference was tested for 6h periods (8.00 – 14.00) daily, based on a protocol 
developed for weaned calves by (Montoro et al. 2012), using twenty Holstein-Friesian calves 
(8 heifers and 13 bulls, mean liveweight 178 kg, aged approximately 20 weeks) over 10 
days. For days 1 to 3 the calves were adapted to individual pens and offered, ad libitum, day 
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and night, familiar commercial calf pellets and oaten chaff. From day 4 onwards, at the start 
of the 6h test period, all troughs were removed and a pair of clean troughs were placed in 
front of each calf. One trough contained the “test” feed and the other the “control” feed. From 
days 4 to 6, the test and control feeds were the same, an ad libitum amount of Control 
pellets, in order to determine whether the calves were selecting evenly between the two 
troughs. From days 7 to 10, the test feed was H57 (3.16 x 108 cfu of H57 spores/kg DM of 
pellets). Pellets comprised a mixture of (g/kg DM) 113 wheat grain, 558 sorghum grain, 170 
canola meal, 136 soy meal, 90 legume hulls, 34 molasses, and 31 vitamins and minerals. 
The composition of the experimental pellets are displayed in Table 6.1. The control feed was 
the same pellets but without H57 (Control pellets). On day 10, glucose powder (10% by 
weight, as fed) was added to the Control pellets in an attempt to improve preference for 
Control pellets. Each day the position of the troughs was swapped to reduce bias. Within 
each 6h period, DMI per trough was calculated as the difference between the weight of DM 
offered less the DM refused. A preference ratio was calculated as DMI of the H57 pellets 
divided by the total DMI of Control and H57 pellets. Outside of the 6h period, the calves 
were offered the familiar commercial pellets and chaff ad libitum. 
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Table 6-1: Chemical composition of testing pellets 
Compositions (%) Control Control + glucose +H57 
 Metabolisable energy (MJ/kg DM) 14.3 14.2 14.3 
 Dry matter 88.3 88.4 88.7 
 Crude protein 20.9 18.8 21.0 
 Acid detergent fiber 7.85 7.50 7.40 
 Starch 41.1 36.7 40.5 
 Lignin 1.05 1.00 1.05 
 Ash 6.80 6.05 6.40 
 Calcium 1.33 1.23 1.24 
 Magnesium 0.22 0.20 0.23 
 Phosphorus 0.49 0.44 0.50 
 Sulfur 0.31 0.29 0.32 
 Sodium 0.19 0.18 0.21 
 Simple sugar 3.50 12.30 3.85 
 
The intake data was analyzed using a mixed-effects model that included treatment, 
animal sex, position of the troughs and any interaction among them as fixed effects, and 
calves as random effects. Each day’s preference data was subjected to one-sample 
comparison t-test using 0.5 as the reference value. 
Results  
The DMI for the H57 pellets increased by 47.7% (1131 vs 592 g DM/d, P < 0.01) from 
days 7 to 9 and 56.5% for day 10 (1251 vs 544 g DM/d, P < 0.001), compared to the DMI of 
the Control at each similar time period. This improvement was reflected in the preference 
ratio. From days 4 to 6 the calves chose equally between adjacent troughs (preference ratio 
0.502, P > 0.10). However, once the calves were offered Control and H57 pellets, the 
preference ratio for H57 pellets increased to 0.671 (P < 0.01) from days 6 to 9. On day 10, 
the Control pellets were sweetened, but the preference for H57 pellets remained higher 
(0.722, P < 0.001, Figure 6.1). 
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Figure 6-1 Daily dry matter intake of the Control (-H57) and H57 (+H57) pellets 
(**: P<0.01, ***: P<0.001) 
The DMI of commercial pellets and chaff were similar over the 7-day testing period 
(Table 6.2, P > 0.05). However, total DMI over 24h increased by 10.5% from days 7 to 9, 
and 15.8% on day 10 compared to days 5 and 6. 
Table 6-2: Dry matter intake of weaned calves 
Intake (g DM/d) 
Day 
4 Day 5 Day 6 Day 7 Day 8 Day 9 
Day 
10 s.e.m P 
Commercial pellets - 2842 2750 2850 2891 2963 3168 125 0.26 
Chaff - 962 705 875 748 978 872 69 0.03 
Control pellets  567 717 516 535 724 544 76.6 0.22 
H57 pellets  514a 774ab 1006bc 1035bc 1353c 1251c 81.1 0.00 
Total (24h) - 4885a 4945a 5247ab 5210ab 6018b 5836b 199 0.00 
a,b,c Means with different superscript letters within a row differ among sampling time, a < b < c, P < 0.05  
Discussion 
The calves clearly preferred the pellets formulated with H57 spores. Although others 
have reported that the addition of Bacillus spores can improve DMI in ruminants (Kowalski 
et al. 2009), we are not aware of any that have shown such rapid and consistent 
improvements in preference. The mechanism by which H57 spores might improve 
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preference is yet to be elucidated. We had considered that it may be related to the ability of 
the spores to become vegetative and efficiently convert the starch in pellets to glucose, 
making them sweeter and therefore more attractive (Hellekant et al. 1994). Bacillus 
amyloliquefaciens is well known in the biofuel industry as a source of amylase and so could 
have facilitated the production of glucose in the pellets (Abd-Elhalem et al. 2015). However, 
if sweetness was a driver of preference in the current experiment, the addition of glucose to 
the Control pellets should have enhanced preference for them and it did not. Similar with 
our result but in different animals, improvement of palatability was also recorded when 
shrimp feed was coated with probiotics containing two Bacillus spices (Rattayaporn et al. 
2013b). 
The H57-inoculated pellets potentially increased total DMI in weaned calves. Intake 
during the 6h period was similar in the first two days when Control pellets were used to test 
the selection of feed trough. Once H57 pellets were used, the higher DMI of H57 in the 6h 
period resulted in a higher total DMI over a 24h period on days 9 and 10. 
Conclusion 
H57 spores show great promise as a means of improving the attractiveness of pellets 
for weaned calves and further investigation across a wider range of feedstuffs and ruminant 
classes is suggested. 
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Chapter 7 General discussion 
This research was based on the small preliminary study of Norton et al. (2008) which 
suggested that the probiotic Bacillus amyloliquefaciens strain H57 (H57) inoculated hay, 
when fed to sheep, improved DMI and nitrogen retention in the short term. This thesis 
extended the use of H57 to different animal categories on different diets and for longer 
periods of time. This included pregnant ewes fed a relatively low quality by-product-based 
diet over many months and dairy calves fed a standard rearing diet of milk and solid feed to 
weaning and just beyond. The stable of CFU of H57 feed pellets showed that H57, due to 
its spore-forming capacity, can be successfully incorporated into feed pellets in the 
manufacturing process to easily supply it and sustain the productivity of ruminants through 
stressful periods in their lives. The study achieved the following goals: 1) evaluation of the 
effect of H57 on ruminant performance at different key development periods; and 2) 
assessment of the possible mechanisms of action of H57 focusing on rumen fermentation 
outcomes and plasma concentrations of hormones associated with the regulation of intake, 
particularly those associated with adipose tissue, and haptoglobin, a proposed indicator of 
inflammation response. 
 Main findings 
7.1.1 H57 benefits both pre-weaned and reproducing ruminants 
In pregnant ewes, H57 appeared to improve rumen fermentation thereby improving 
ruminant performance and reducing the health risks associated with aberrant fermentation. 
H57-inoculated feed pellets increased DWG and DMI in the pregnant ewes and potentially 
improved their lactating performance. The lambs in the H57-fed ewes grew faster in the first 
three weeks of life. The faster growth of H57 lambs may be due to a carry-over effect 
consequential to the extra maternal weight gain in the H57-fed ewes advantaging milk 
production (not measured) in the ewes. Thompson et al. (2011) found that the growth rate 
of pre-weaned lambs was affected by DWG during late pregnancy in ewes. The better 
growth of the H57 lambs in the first three weeks of life could mean decreased lamb mortality 
in a commercial flock. Hinch and Brien (2014) found that lamb mortality is greatest in the 
first weeks of life and lambs had greater chances of survival if they were well fed in the first 
few weeks of life. 
In pre-weaned ruminants the rumen is not yet fully functioning and so the target of 
probiotic application is to stabilize the gut microbiota and decrease the risk of pathogen 
colonization in the lower intestine. In particular, in dairy systems, calves are rapidly 
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separated from cows before their intestinal microbiota has completely colonized and this 
can increase the risk of diarrhoea and associated weight loss. The pellets supplemented 
with H57 reduced diarrhoea in pre-weaned calves reared under hot summer conditions at 
the UQ dairy (Chapter 3). The reduced incidence of diarrhoea in the H57-fed calves could 
reflect an effect of H57 on calf immunity either by enhancing their ability to cope with the 
environmental stress of high temperatures and/or inducing their resistance to pathogens 
which cause diarrhoea. While immune response was not directly measured, the increase in 
globulin both in H57-fed ewes and in H57 treated dairy calves compared to the animals not 
given H57 may indicate a higher immunoglobulin production due to H57. An increase in IgG 
production has been recorded in Holstein calves fed a similar probiotic, Bacillus subtilis (Sun 
et al. 2010a).  
The probiotic H57 seems to be beneficial under stressful conditions which can 
compromise ruminant growth performance. The Chapter 2 and 3 experiments demonstrated 
the benefits from feeding H57-treated pellets, but not in Chapter 4 when the calves were 
raised under what might be regarded as “optimal”, relatively non-stressful conditions and the 
H57 was provided in milk replacer rather than in the starter pellet. In Chapter 2, the ewes 
were fed high concentrate pellets based on a major ingredient PKM. PKM is generally 
regarded as low quality because of its unpalatability for ruminants. As a consequence the 
pellet intake was initially lower than expected, indicating potential nutritional stress for the 
ewes. In Chapter 3, the calves had a high incidence of diarrhoea. This was likely related to 
heat stress as well as the risk of ingesting pathogens from the straw bedding and/or from 
the calves’ proximity to nearby non-experimental calves which were also suffering diarrhoea 
immediately prior to the experiment starting when they were 3-4 weeks of age.  
The discrepancy between the calf-rearing experiments (Chapter 3 versus Chapter 4) 
could be related to the bypassing of the rumen by H57 when it is provided in the milk 
(Chapter 4) or it may be due to the Control calves in Chapter 4 already having an optimal 
health status and DWG. The Chapter 3 experiment was conducted at the UQ Gatton Dairy 
where the calves were housed in the Dairy nursery on a concrete floor with straw bedding 
that was replaced once a week. They were fed whole milk from the dairy herd. The Chapter 
4 experiment was conducted in an exceptionally clean facility at the Queensland Animal 
Science Precinct (QASP) metabolism research building. During this experiment the calves 
were housed in pens with rubber matting flooring that was washed down multiple times per 
day and the weather was more benign, both of which may have precluded further 
improvements from the H57 treatment. Comparing the two calf experiments, the calves were 
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fed a similar amount of milk and were from the same Holstein herd and thus were of a similar 
genetic stock. In Chapter 4, the Control calves grew rapidly, with a 57% greater daily weight 
gain (874 g/d versus 556 g/d) than those in Chapter 3. The DWG of the calves in Chapter 4 
is well above the target (700 g/d) for Holstein calves in commercial dairy farms in Australia 
(Basham and Halliday 2011). The major difference between the two experiments was the 
dramatically elevated incidence and duration of diarrhoea in the Chapter 3 Control calves 
compared to those in Chapter 4 (5.83 vs 1.15 days). The concentrations of both plasma 
haptoglobin (208 µg/mL) and fibrinogen (3.8 mg/mL) among Control calves in the Chapter 
4 were in the normal range for healthy calves (0 – 400 µg/mL and 0 – 5 mg/mL, respectively) 
(Knowles et al. 2000). By contrast, the concentration of plasma haptoglobin was much 
higher in the Chapter 3 versus Chapter 4 Control calves (522 vs 208 µg/mL). Furthermore, 
in Chapter 4, no positive effect of H57 was apparent in DWG, DMI or across all of the plasma 
parameters measured, although there was a tendency for a reduction in the concentration 
of fibrinogen in the plasma of the H57-fed calves on the day after weaning. These results 
indicated that probiotics are less likely to be beneficial, prior to and during weaning, if calves 
are reared under conditions sufficiently optimal to promote a high DMI and DWG and low 
incidence of diarrhoea. 
7.1.2 H57 improves DMI 
The probiotic H57 improved DMI in both pre-weaned calves and older weaned 
ruminants, namely the pregnant ewes. Probiotics have been shown to increase DWG in 
growing ruminants and to increase milk production in lactating ruminants in both sheep and 
cattle (as evidenced in this thesis and see literature review Chapter 1, Section 2.6), while 
improvements in DMI have not been commonly recorded. In this thesis, H57 not only 
improved DMI in pre-weaned calves, but also in pregnant ewes. In addition, the 
improvement of DMI was recorded in pregnant ewes fed low quality pellets based on the by-
product, PKM. This improvement could increase the potential application of H57 in 
ruminants commercially where there is an increasing need to use agricultural by-products 
for ruminant feed to reduce costs. Most probiotic research on older weaned ruminants has 
focused on the use of conventional diets, and I am not aware of any studies using probiotics 
with such by-products. The commonly reported actions of probiotics are to improve the DMI 
in ruminants by improving digestibility, improving general health and reducing the incidence 
of diarrhoea. My observations of pregnant ewes showed that the animals consumed pellets 
supplemented with H57 quicker and were more accepting of the novel PKM-based feed. In 
the fourth experiment I therefore tested the effect of H57 on the palatability of pellets and 
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found that weaned Holstein Friesian calves, both male and female, had a strong preference 
for H57 treated pellets. The calves showed a rapid intake response to the pellets inoculated 
with H57 within the first 6h of their exposure to them. There appears to be no other published 
reports that show such a rapid and consistent improvement in preference due to the addition 
of a probiotic to a feed pellet. 
7.1.3 Manipulation of rumen fermentation 
The benefits of H57 in both pre-weaned calves and reproducing ewes indicated that 
H57 has the potential to exert an influence at the level of the GIT and beyond to intermediary 
metabolism. H57 manipulated rumen fermentation by increasing the concentration of 
butyrate and valerate in the rumen. This effect was recorded both in the sheep experiment 
(Chapter 2) and the calf experiment at the Dairy farm (Chapter 3). Increasing butyrate and 
valerate provides more energy for the rumen wall, thus stimulating rumen development and 
increasing the absorption surface. Sun et al. (2011) found that supplementing with Bacillus 
subtilis increased the length and density of rumen papillae. Consistent with the assumption 
of stimulation of rumen development by H57, the plasma level of BHBA was higher in calves 
fed H57 (Chapter 3 and see literature review Chapter 1, Section 2.2.1). In Chapter 4, when 
the H57 was added into milk replacer for newborn calves, there was no difference in 
concentration of ruminal VFAs at 4 weeks of age, but an increase in valerate at 8 weeks of 
age when the rumen was more functional. In the sheep experiment, H57 also reduced the 
concentration of total VFAs and NH3 in the rumen, but not in the two calf experiments. The 
difference between experiments in the effect of H57 on total VFAs and NH3 could be due to 
the differences in composition of the animal’s diets. Sheep were fed PKM-based diets, while 
calves were fed a conventional grain-based diet. The difference in rumen fermentation was 
supported by changes in the ruminal microbiome. In a parallel study to the current study, 
Schofield et al. (2016) investigated the changes in rumen microbes of the H57-fed ewes and 
found that H57-fed sheep had higher numbers of Prevotella bacteria than the Control sheep. 
Adding H57 to pellet supplements affected the rumen fermentation in animals with a 
functional rumen. It was found that the concentration of rumen valerate was nearly double 
that of Control groups in both H57-fed ewes and normally weaned calves. The concentration 
of rumen butyrate tended to be higher in H57-fed ewes and calves. In the ewes, H57 
increased the rumen pH, but decreased the total VFAs and ammonia (Chapter 2). In dairy 
calves, when the rumen was sampled at week 12 when most of the calves were weaned, 
H57 had no effect on rumen ammonia and total VFAs, but it did increase rumen valerate 
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and tended to increase rumen butyrate (Chapter 3). In pre-weaned calves, the rumen 
samples were collected at week 4 of age, when the calves were still mainly on milk, there 
was no difference in the rumen fermentation, but at week 8, when the rumen was quite 
developed according to the amount of solid DMI, the H57-fed calves had higher iso-valerate 
(Chapter 4) compared to the Control calves. The increase in valerate (and potentially 
butyrate) by H57 could contribute to the metabolic effects beyond the GIT (see literature 
review Chapter 1, Section 2.4). 
The lower concentration of rumen total VFAs and ammonia in the H57-fed ewes could 
either indicate an increase in the rumen bypassing protein or an increase in rumen 
absorption. An increase in rumen-bypassed protein could provide more nutrients to the host. 
The PKM diet used in this experiment could also have contributed to the difference in the 
rumen fermentation. PKM has low palatability and high levels of mannan, a carbohydrate 
rich in β-linkages. In addition, starch from sorghum grain is less degraded in the rumen due 
to a complex structural linkages between starch and protein. This structural complexity 
results in sorghum-based feeds providing digestible starch to the small intestine in 
quantitatively important amounts compared with negligible amounts from other feedstuffs 
such as wheat (Larsen et al. 2009). We also did not find an improvement in digestibility in 
H57-fed ewes. The ewes were fed high concentrate pellets with a small particle size, 
although the fibre content was large due to the high level of PKM. In addition, the H57-fed 
ewes had a higher DMI, and this may be expected to result in a faster passage rate which 
can reduce the digestibility of feedstuffs. The lack of digestibility responses in the H57-fed 
ewes may not reflect the true effect of H57 on digestibility. For ewes fed a different hay-
based diet, H57 increased digestibility (Norton et al. 2008). Thus, H57 could have changed 
the mix of nutrients entering metabolism beyond the GIT, which could in turn have altered 
appetite control in the animal. 
The consistent increase in valerate in the rumen fluid in the sheep and the dairy 
calves could indicate a potential mechanism for the response to H57 seen in ruminants. 
VFAs such as acetate, propionate, valerate and butyrate affect the host metabolism through 
their receptors in the gut and the hypothalamus. In ruminants, acetate is produced in large 
quantities in the rumen and has been proposed as a signaling agent between the 
microbiome and intermediary metabolism in humans but few have considered the effect 
other VFAs with lower concentrations such as butyrate, propionate or valerate may have 
(Mineo et al. 1994). The intravenous injection of butyrate and valerate can increase the 
secretion of insulin and glucagon in sheep (Hitoshi et al. 1990; Mineo et al. 1994). Inclusion 
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of valerate in feeds for lactating cows increased digestibility of dry matter, organic matter, 
fibre and crude protein (Lassiter et al. 1958). Addition of valerate to dairy cows also 
increased nitrogen retention by decreasing nitrogen excretion in urine (Lassiter et al. 1958). 
The increase in valerate and potentially also in butyrate as a result of H57 supplementation 
could contribute to the metabolic effects of H57 beyond the GIT. 
7.1.4 H57 improved nitrogen retention in pregnant ewes 
The H57 improved nitrogen retention, possibly by reducing nitrogen excretion in 
urine. The digestibility of nitrogen was similar between the Control and the H57-fed ewes. 
The lower urinal excretion of nitrogen in the H57-fed ewes could indicate a better recycling 
of nitrogen or an increase in bypass protein. The blood urea is then recycled and either re-
enters the rumen via the rumen epithelium and salivary glands or it is excreted in the urine. 
The recycling of urea from the blood into the rumen is very important in ruminants fed a low 
protein diet. In the sheep experiment, the animals’ diet contained a moderate level of crude 
protein, however, the protein in PKM was likely to be trapped by structural carbohydrates, 
particularly mannans, thus limiting protein breakdown. Nitrogen excreted in the urine is not 
used for growth and production and may negatively impact the environment. Hence, the 
reduction in urine N is an important outcome of H57 supplementation. 
7.1.5  H57 affects the concentration of plasma adipose tissue-derived hormones  
In ruminants, the function and activity of the adipose tissue should play an important 
role in energy homeostasis. The H57 supplementation appeared to affect the adipose tissue-
derived hormones in the sheep experiment, but not in the two calf experiments. Kubota et 
al. (2007) found that in a mice model the regulation of adiponectin levels and its effect on 
energy metabolism was different during fasting compared with the normally-fed mice. In the 
sheep experiment, the control ewes with the lower level of adiponectin had a lower DMI and 
grew at a slower rate than expected for pregnant Dorper ewes. They were fed to gain 70 
g/day but only maintained their weight. In the second experiment, calves experienced a high 
incidence of diarrhoea, but the nutrient uptake by the H57-treated calves was still sufficient 
for the improved growth performance. In addition, the plasma in that experiment was 
collected at both the beginning of the experiment and the end of the experiment, while most 
of the events such as heat stress and diarrhoea occurred in the middle period of the 
experiment when most of the calves were being fed milk.  
The DMI in ruminants is driven by both physical control and metabolic control 
(Baumont). Measurement of rumen fermentation characteristics indicated lower 
119 
 
concentrations of ammonia and total volatile fatty acids (VFAs) in the H57-fed ewes, yet they 
grew faster than the Control ewes. There was also no advantage from H57 supplementation 
in the whole tract digestibility of energy or protein. These responses could indicate that H57 
was acting more at the level of metabolic than physical control of appetite. Therefore, the 
improvement of DMI by H57 could be related to the regulation of appetite, and the hormones 
that affect appetite include adiponectin and leptin which increased in the H57-fed ewes and 
calves. 
7.1.6 H57 improved palatability of feedstuffs thereby increasing DMI in ruminants 
Calves markedly preferred pellets containing H57 over those without H57 when the 
pellets were supplied together. The calves had a rather immediate, within hours, response 
to the pellets inoculated with H57. There appears to be no publications that have shown 
such rapid and consistent improvement in preference due to the addition of a probiotic to 
feed. The mechanism by which H57 might improve preference is yet to be elucidated. It was 
thought to be related to the ability of the spores in the pellets to germinate thereby allowing 
the vegetative cells to efficiently convert the starch in pellets to glucose, making them 
sweeter and therefore more attractive (Hellekant et al. 1994). Bacillus amyloliquefaciens is 
well known in the biofuel industry as a source of amylase and hence amylase production by 
H57 could facilitate the production of glucose in the pellets (Abd-Elhalem et al. 2015). 
However, if sweetness was a driver of preference in the current experiment, the addition of 
glucose to the Control pellets without H57 should have enhanced preference and it did not. 
Similar to the current results, the palatability of shrimp feed was improved by its coating with 
probiotics containing two Bacillus species (Rattayaporn et al. 2013a). 
 Limitations of the study 
The results of the first experiment indicated the potential of H57 to improve production 
of pregnant ewes, and possibly lactation performance. However, an unexpected copper 
toxicity and the accidental swapping of diets at the beginning of the lactation-period, the 
experiment was limited in the opportunity to interpret the lactation responses longitudinally. 
The lambs from H57 fed ewes did, however, have superior growth performance during first 
three weeks of their life, which is the most important phase for lamb resilience.  
H57 appears to have the potential to affect energy metabolism, however, the study 
would have been more informative had additional measures of metabolic hormones such as 
insulin and plasma metabolites that are indicative of the nutritional status of the animals 
been taken, particularly during pregnancy. This would have allowed for a better 
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understanding of the mechanism by which H57 regulates metabolism and DMI. Similar to 
the metabolic results, measurement of additional stress and inflammation indicators such as 
cortisols, interleukins, TNF-α and immunoglobulin would provide more insight into the 
specific actions of probiotics on the immune system of ruminants. 
 Future research 
The association of H57 supplementation with changes in metabolic hormones 
demonstrated indicates a potential direct effect of probiotics in the regulation of energy 
metabolism in ruminants. Further research is needed to follow the time course and 
magnitude of hormonal changes resulting from feeding the probiotic H57 and to determine 
whether this is bacterial species/strain related. Such research could provide important 
insights into the mechanism of action of probiotics on metabolic hormone production in 
ruminants.  
The potential of H57 to improve immunity should be pursued. Determination of how 
changes in the microbiome by H57 induce changes in immune status, potentially via 
microbial excretory products that can enter intermediary metabolism, is required. 
The benefits of H57 supplementation to late pregnant ewes and the potential carry-
over effects into lactation with the response being more resilient lambs, needs to be 
confirmed and tested in a commercial farm environment. Likewise, the effect on dairy calves 
of H57 needs to be confirmed in commercial environments, especially in those challenged 
by heat and pathogenic stress. Also, the potential for improving rumen pH via feed 
inoculated with H57 should be applied and tested in feedlot cattle in order to reduce the risk 
of rumen acidosis from grain feeding. 
H57 showed great potential to improve palatability of feed, both of unpalatable PKM 
pellets for sheep, as well as a sorghum-based pellet for calves. The interaction of H57 with 
PKM in feeds has great potential to increase the use of PKM in ruminant feeds given that at 
present PKM is a rather under-utilised although cost effective ruminant feed supplement.  
 General conclusion 
H57 improved production performance in both pre-weaned and older, reproducing 
ruminants. In pregnant sheep fed a low quality diet, probiotic H57 increased DWG and 
nitrogen retention in late pregnancy, and possibly improved lactation performance. In pre-
weaned calves, H57 reduced the incidence of diarrhoea, increased DMI, DWG and FCE, 
and advanced weaning age. H57 benefited ruminants subjected to suboptimal conditions 
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that would otherwise promote the risk of diarrhoea and poor DMI. The mechanisms of action 
of H57 could include: modification of rumen fermentation, with a particularly novel finding 
being an increase in the concentration of valerate and possibly butyrate; an improvement in 
some indirect indicators of immunity and inflammation response; a modification of levels of 
metabolic hormones produced by adipose tissue; and a previously un-recognised capacity 
to improve the palatability of pellets that it is added to. H57 can be used as an ingredient in 
pellets for ruminants to sustain the growth performance and health status of pregnant ewes 
and pre-weaned calves subjected to stressful husbandry conditions.
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